Operational streamlining in a high-throughput genome sequencing center by Person, Kerry P. (Kerry Patrick)
Operational Streamlining in a High-Throughput Genome Sequencing Center
By
Kerry P. Person
B.S. Chemical Engineering, University of Washington (2000)
Submitted to the Sloan School of Management and the Department of Chemical
Engineering in Partial Fulfillment of the Requirements for the Degrees of
Master of Business Administration
and
Master of Science in Chemical Engineering
In Conjunction with the Leaders for Manufacturing Program at the
Massachusetts Institute of Technology
June 2006
02006 Massachusetts Institute of Technology. All rights reserved.
ARCHIVES
MASSACHUSETTS INSTI uE
OF TECHNOLOGY
AUG 3 1 2006
LIBRARIES
Signature of Author
Sloan School of Management
Department of Chemical Engineering
_ May 12, 2006
Jeremie Gallien, Thesis Supervisor
Associate Professor of Management Science
W d*
Charles L. Cooney, Thesis Supervisor
Professor of Chemical and Biochemical Engineering
Accepted by
Debbie Berechman, School of Managemint, Executive Director, MBA Program
Sloan School of Management
Accepted by
William Deen, Graduate Committee Chairman
Department of Chemical Engineering
MIT Thesis - Kerry P. Person
Certified by
Certified 
by
- --------
Page 1 of104

Operational Streamlining in a High-Throughput Genome Sequencing Center
By
Kerry Person
Submitted to the Sloan School of Management and Department of Chemical
Engineering on May 12, 2006 in partial fulfillment of the Requirements
for the Degrees of Master of Business Administration and
Master of Science in Chemical Engineering
Abstract
Advances in medicine rely on accurate data that is rapidly provided. It is therefore critical for
the Genome Sequencing platform of the Broad Institute of MIT and Harvard to continually strive
to reduce cost, improve throughput, and increase the quality of its data output. In the past, new
technology in the form of both chemistry improvements and robotics has allowed the Institute to
achieve these goals in a step-wise manner. However, as the rate of technology progression in
sequencing has slowed, the Institute has been forced to look to continuous, incremental
improvement in order to achieve its goals.
The Core Sequencing/Detection group handles the high-throughput sequencing duties at the
Broad Institute. Through the use of robotics and cutting edge biology, they are able to process
and sequence upwards of 50 billion bases of DNA per year. The work that this thesis was based
on took place primarily in this automated production area.
This thesis utilizes a number of lean concepts, including the 7 Wastes and pull production control.
Kanban systems, workflow changes, and a 5S implementation were used to bring these concepts
to life at the Broad Institute. In order to correctly size the kanban system, process buildup
diagrams and discrete event simulation were used. Each of these tools helped to drive the
process towards the Institute's goals of reducing cost and improving quality and throughput.
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1 Introduction
The Broad Institute is at the core of genetic research in the U.S. Through the collaboration of
researchers at MIT, Harvard, and various Boston hospitals, critical research is being done to
determine the molecular basis of human disease. Key to this mission is the largest high-
throughput genome sequencing group in the world, which is capable of sequencing upwards of
50 billion bases every year. Although this group started by contributing solely to the Human
Genome Project, it now sequences a variety of DNA, including mammals, fish, and bacteria. In
order to support further research into genetics, even more massive projects must be undertaken in
the future; however, this requires significant decreases in cost and increases in throughput.
The objective of this thesis was to help the Institute achieve these quality, throughput, and cost-
effectiveness goals in the Genome Sequencing platform by implementing lean manufacturing
tools and methodologies in the Core Sequencing and Detection areas.
1.1 Thesis Motivation
Advances in medicine rely on accurate data that is rapidly provided. It is therefore critical for
the Genome Sequencing platform to continually strive to reduce cost, improve throughput, and
increase the quality of its data output. In the past, new technology in the form of both chemistry
improvements and robotics has allowed the Institute to achieve these goals in a step-wise manner.
However, as the rate of technology progression in sequencing has slowed, the Institute has been
forced to look to continuous, incremental improvement in order to achieve its goals. As a
Federally funded facility, the Institute is also forced to compete for grants against other
sequencing centers, which are also looking to rapidly improve their processes. Reductions in
cost and improvements in throughput and quality are therefore critical to the Sequencing
platform's survival, and ultimately, the Institute's survival; without a Sequencing platform, much
of the Institute's research would be hindered.
The focus on continuous improvement was the therefore the catalyst for this thesis. The thesis
was a way to start continuous improvement through the application of lean methodologies and
tools. It represents one of a series of steps to re-focus the operating teams and management in a
new direction towards process improvement.
1.2 Thesis Overview
This thesis utilizes a number of lean concepts, including the 7 Wastes and pull production control.
Kanban systems, workflow changes, and a 5S implementation were used to bring these concepts
to life at the Broad Institute. In order to correctly size the kanban system, process buildup
diagrams and discrete event simulation were used. Each of these tools helped to drive the
process towards the Institute's goals of reducing cost and improving quality and throughput.
The thesis follows much the same progression as the internship. Early work on the project
focused on learning the biology and processes of the Institute. As part of this work, key projects
were chosen which would have the highest impact on process quality and throughput. Work was
started on a 5S implementation and work flow changes, to provide a foundation for later lean
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manufacturing work. During this time, process quality data was analyzed to determine the
design and focus of a pull system.
Once critical process buffers were found and a pull system chosen, work focused on
implementing these changes in a temporary paper kanban system. Finally, the focus of the
project switched to the implementation of a new electronic kanban system, in order to leverage
the Institute's capability in IT.
The results of the project were significant for the Institute.
* Process cycle time was cut by 86% in the TempliPhi area, 61% in the Detection area, and
41% in the overall process from Inoculation to Detection.
* Quality improved on all measured metrics for each process change.
* Based on these quality improvements, the Institute will save on the order of $4.8MM per
year.
* 5S will reduce the likelihood of costly mix-ups, and reduce the likelihood of contamination
* Work flow is more intuitive, and will allow for easier error detection
Although Lean Manufacturing has not become prevalent in laboratories and hence does not
appear in common literature, background information can be found on the implementation of
Lean tools in labs in previous LFM/Broad theses. Relevant work was completed by Mathew
Vokoun, "Operations Capability Improvement of a Molecular Biology Laboratory in a High-
Throughput Genome Sequencing Center," and Scott Rosenberg, "Managing a Data Analysis
Production Line: An Example from the Whitehead/MIT Center for Genome Research."
Matt's thesis focused on Lean implementation in the MBPG area of the institute; his work
particularly overlaps this thesis in the areas of 5S and process mapping, and he implemented a
simple materials kanban for consumables. The 5S implementation is quite similar to the one
covered in this thesis, although the process mapping used in MBPG is focused primarily on
reducing the likelihood of sample mix-ups and not on improving worker efficiency. The kanban
system covered in this thesis is significantly more complicated than a traditional materials
kanban, although the concepts are similar. Scott's work is relevant in that he uses process
modeling software for process redesign in the Finishing area. This same modeling software was
used to design the kanban system in this thesis. Work by Julia Chang and Kazunori Maruyama,
other previous LFM interns, is not used in this thesis, as the two theses focus more on detailed
technical improvements in the Picking and Detection areas respectively.
1.3 Thesis Outline
The thesis is organized into the following eleven chapters.
Chapter 2: Deoxyribonucleic Acid (DNA) Background provides a brief background on the
history, structure, and chemistry of DNA. The objective of the chapter is to give the reader the
basic, fundamental knowledge of DNA that is critical to understanding both the work of the
Broad Institute and the remaining chapters of this thesis.
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Chapter 3: The Broad Institute History, Processes, and Background provides information
important to understanding the internship and thesis. It covers the Institute's history, operations,
quality control, cost structure, and organization, focusing specifically on the Core Sequencing
area.
Chapter 4: Lean Manufacturing Background covers the history and goals of Lean
Manufacturing.
Chapter 5: Layout Change Background and Implementation discusses how the equipment
and materials in the operating areas were adjusted to allow for increased throughput, higher team
cohesion, and lower cost.
Chapter 6: 5S Background and Implementation gives the reader the history and background
of 5S, a core part of every Lean implementation in a manufacturing environment. It also covers
steps for implementation, and how the system was implemented at the Broad Institute.
Chapter 7: Analysis of Existing Inventory and Cycle Time Performance describes the state
of the Institute before the project was implemented. It also covers the impact that the historical
inventory control systems had on quality and cost, and provides a justification for transitioning to
a "pull" based production system.
Chapter 8: Designing a New Production Control Policy at Broad answers the question, "Why
Pull?" Justification for pull production systems in general is covered, as well as specific reasons
why pull production was necessary at the Broad Institute. It also discusses different ways to
design an inventory control system, and covers how to size these systems given varying process
conditions. This involves using a number of tools, including process buildup diagrams and
discrete events simulation.
Chapter 9: Pull Production System Implementation and Results covers the various stages of
implementation at the Institute, as well as giving information on the results available at the time
of thesis publication.
Chapter 10: Cultural Considerations of Lean Implementations in a Lab Environment
discusses the unique barriers and benefits of implementing lean in a lab. Working with the
company culture-as opposed to against it-is critical to both the speed and impact of any
implementation.
Chapter 11: Future Areas of Focus for the Broad Institute discusses some potential areas of
improvement that would allow the Institute to continue along the path of continuous
improvement.
Chapter 12: Conclusions ties the previous chapters of the thesis together.
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2 Deoxyribonucleic Acid (DNA) Background
This chapter provides a brief background on the history, structure, and chemistry of DNA. The
objective of the chapter is to give the reader the basic, fundamental knowledge of DNA that is
critical to understanding both the work of the Broad Institute and the remaining chapters of this
thesis.
Until 1944, it was unclear to biologists what chemical component in the human body was
responsible for containing the information necessary for the process of heredity. Even after
experimental evidence was put forth by Avery, MacLeod and McCarty, proving that DNA stored
genetic information, it took nine more years for Watson and Crick to publish their hypothesis on
the structure of the molecule. Since then, many of their initial hypotheses have been proven out.
Their model had the following key features (items in italics are critical to understanding Broad's
processes): 1
i.) Two right-handed helical polynucleotide chains are coiled around a central axis.
2.) The two chains are antiparallel; that is, their C-5'-to-C-3' orientations run in opposite
directions.
3.) The bases of both chains are flat structures, lying perpendicular to the axis; they are
"stacked" on one another, 3.4A (0.34nm) apart, and are located on the inside of the
structure.
4.) The nitrogenous bases of opposite chains are paired to one another as the result of the
formation of hydrogen bonds; in DNA, only A-T and G-C pairs are allowed.
5.) Each complete turn of the helix is 34 A (3.4nm) long; thus, 10 bases exist in each chain
per turn. (There are actually 10.4 bases per turn; this was their primary mistake).
6.) In any segment of the molecule, alternating larger major grooves and smaller minor
grooves are apparent along the axis.
7.) The double helix measures 20A (2.0nm) in diameter.
Figures I and 2 below show graphically the structure and detail of the DNA molecule, as
described by Watson and Crick. There are a number of key learnings from these diagrams. First,
the structure is based on two matched polynucleotide chains, connected by fairly weak hydrogen
bonds. Second, the bonds between the two chains are formed by pairs of molecules: (A)denine
with (T)hymine, and (G)uanine with (C)ytosine. Other pairs of bases will not bond with one
another; for instance, A will not bond with A, and T will not bond with G. Consequently,
knowledge of the bases on one chain allows you to know the bases on the other chain. Finally,
the second figure shows that the DNA is directional; each polynucleotide chain has a 3' and a 5'
end, so named because of the way that phosphate backbone binds to the sugar molecule in the
chain. For instance, on the 3' end, the phosphate is bound to the 3rd carbon on the sugar
molecule.
'Klug, W., Cummings, M., "Essentials of Genetics," 202.
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Figure 1. DNA structure and form. 2
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Figure 2. Detailed view of a single strand of DNA. 3
2 Source: Access Excellence, "Graphics Gallery."
3 Source: "Molecular Genetics."
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The figure below shows a Deoxynucleotide-triphosphate 'dGTP' molecule, which can be used to
build a polynucleotide chain. These molecules will be important in understanding sequencing
reactions and polymerase chain reactions (PCR). In these reactions, explained later, a mixture of
dGTP, dATP, dTTP, and dCTP molecules, known collectively as dNTP molecules, will be used
to make double-stranded DNA from single-stranded DNA. In essence, they are the building
blocks of DNA.
0
HO0
HO
Figure 3. dGTP molecule.
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3 The Broad Institute History, Processes, and Background
This chapter provides background information important to understanding the internship and
thesis. It covers the Institute's history, operations, quality control, cost structure, and
organization, focusing specifically on the Core Sequencing area.
3.1 Broad Institute History
The Eli and Edythe L. Broad Institute opened its doors in May, 2004 with a generous $100
million donation from the Broad family. The Institute was born out of a collaboration between
the Whitehead Institute/MIT Center for Genome Research and Harvard Medical School's
Institute of Chemistry and Cell Biology, with the mission of empowering "creative scientists to
construct new powerful tools for genomic medicine, to make them accessible to the global
scientific community, and to apply them to the understanding and treatment of disease."
The Institute is formally divided into two segments, Scientific Programs, and Scientific
Platforms. The Scientific Platform segment includes Genome Sequencing (where the internship
took place), Genetic Analysis, which studies genetic variation in the human genome, Chemical
Biology, which creates and screens chemical libraries, Proteomics, which studies protein activity,
interaction and signaling at the protein level, and RNAi, which creates RNAi libraries. The
Scientific Programs segment includes Cancer, Genome Biology and Cell Circuits, Metabolic
Disease, Medical and Population Genetics, Chemical Biology, Infectious Disease, and
Computational Biology and Bioinformatics. Each of these Programs brings together a wide
array of researchers who hope to gain new insight into their areas of research through the use of
genetic information.
As part of this mission, the Institute absorbed the Whitehead Institute's high-throughput DNA
sequencing arm (now Genome Sequencing), which had produced roughly 1/3rd of the data for the
Human Genome Project. At the inception of the center, the platform focused solely on the
Human Genome Project, which was sequencing the DNA of a single individual. Now, the
sequencing organization publishes genetic information for a number of different organisms each
year, including humans, mammals, fish, insects, fungi, plants, bacteria and viruses. In a given
year, the platform will publish over 50 billion bases of DNA sequence. The bulk of funding is
provided by grants from the National Institute of Health (NIH) and the National Human Genome
Research Institute (NHGRI). Because the work is publicly funded, all data generated by the
platform is posted on the web immediately after assembly and is free for use.
More information on the Broad Institute and its current projects can be found on its website,
www.broad.mit.edu.
3.2 Broad Operations
Broad's sequencing operations can be broken down into three basic groups: the Molecular
Biology Process Group (MBPG), Core Sequencing, and Materials. Materials is primarily
concerned with the manufacture and delivery of raw materials and other consumables to the
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operating floor and, while they have some impact on overall process quality, will not be
discussed in this thesis. MPBG does the base DNA preparation and "bench-top" biology at the
Broad Institute, so some understanding of their process is needed in order to understand Core
Sequencing's role. The bulk of this thesis will deal with the operations of the Core
Sequencing/Detection group. Critical buffers, as defined later in the thesis, are shown with the
red arrows.
giF ure 4. The 
Broad In 
s process wr 
viva sequencing.
The figure above represents the normal path for work through the production organization.
Work can, however, enter the system at a number of different points. Other labs and
development organizations add work throughout the process, and a significant amount of work is
added directly before the bottleneck of the process, which is in the Detection area.
3.2.1 MBPG
The Molecular Biology Processing Group begins their work with DNA sent to them by partner
labs or research centers. The DNA, after undergoing some quality testing, is fed through a
hydroshear which cuts the long DNA chains into random fragments. By adjusting the
hydroshear, strands of a roughly known length can be formed. These strands are then cut with a
restriction enzyme, which is capable of dividing the DNA at a unique location determined by a
specific set of base pairs. The same enzyme is also used to cut into a host "vector," which is a
double-stranded circular DNA with known sequence. MBPG uses three types of vectors, which
can accept various lengths of DNA. Plasmids (POTs), which are most commonly used, will
accept -4,000 base pair segments. Fosmids can accept longer 10,000 base pair segments.
4 Source: Vokoun, M., "Operations Capability Improvement of a Molecular Biology Laboratory in a High
Throughput Genome Sequencing Center."
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Bacterial Artificial Chromosomes (BACs) can accept segments of approximately 40,000 base
pairs.
Once the two strands of DNA (the vector and DNA that will be sequenced) have been cut with
the restriction enzyme, they are joined through the process of annealing and ligation. In
annealing, the bonds of matching pieces of DNA are aligned; in ligation, the covalent bonds are
formed. For a graphical representation, see Figure 5 below. The newly formed DNA is then
inserted into "competent" E. Coli cells, which are capable of replicating while containing the
extra circular DNA. This insertion is done through a process known as electroporation, which
involves passing a current through the mixture, thereby briefly opening the cellular walls to
allow the circular DNA into the cells. Once the DNA is inserted in the cells, the cells are
"plated" on an agarose (agar) plate, which contains a growth medium and an antibiotic. Because
the host vectors contain genes which are resistant to certain types of antibiotic, only E. Coli cells
which have accepted a vector are capable of surviving and replicating on the surface of the agar
plate.
Cut with Restriction Enzyme
I
Annealed and Ligated to
form single molecule
E Coli
Figure 5. Insertion of DNA into vector.
Once the cells are plated, they are allowed to grow overnight in a warm room. The cells grow
into colonies; each colony represents a vector with a unique strand of DNA in it, which has been
copied many times through replication of the original cell. After the growth period, the agar
plates are given to the Core Sequencing team to be transferred into glycerol plates. For more
detailed information on the MBPG process, see Matt Vokoun's 2005 MIT thesis, "Operations
Capability Improvement of a Molecular Biology Laboratory in a High Throughput Genome
Sequencing Center."
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3.2.2 Core Sequencing and Detection
3.2.2.1 Colony Picking
In the picking area, cell colonies are transferred from the agarose plates to 384-well glycerol
plates, which can be better handled by machinery. The glycerol plates contain a mixture of
glycerol (a growth medium) and a specific antibiotic which is matched to the vector. The
antibiotic will prevent the growth of any biological contaminant that is not specifically resistant.
E. Coli cells carrying the vectors are immune to the antibiotic, and can therefore replicate in the
glycerol/antibiotic mixture, forming many copies of a unique DNA segment in each well.
The transfer from agarose plate to glycerol plate is carried out automatically by a GenetixTM
machine. The machine scans each agarose plate to determine which colonies are acceptable to
be transferred based on size and spacing guidelines (see Figure 6). For more information on
these guidelines, see "Control and Optimization of E.coli Picking Process for DNA Sequencing,"
a 2004 MIT thesis by Julia Chang.5 The GenetixTM machines utilize "heads" which contain 96
individual stainless steel pins. The head travels over the plate, picking each colony using a
single pin which is fired into the agarose plate. Once all 96 pins have been fired, the head drops
all of the pins into one quadrant of the glycerol plate, so that each well contains one separate
colony. This process is repeated until all of the available colonies on the agarose plate have been
picked; on average, each agarose plate contains enough colonies to fill 3-4 glycerol plates.
o 0
0 0
0 C D 1
sop: t 0 . prc
@ja w g 40 0 O 
G S o" 3 C" a .a 0 a S0 , b"
,,0 A0 0
Figure 6. Agarose plate with cell colonies. The red circles represent colonies which will not be
picked due to their close spacing. 6
Once the agarose plate has been picked, it is discarded, and the filled glycerol plate is bundled in
to a set and transferred to a warm room (370C) for 15-18 hours. This allows the E. Coli cells to
continue to replicate at a high rate. After this growth period, the plates are transferred to the first
buffer in the process, a -200C freezer. The low temperature does not damage the cells, but does
stop the replication process.
5 Source: Chang, Julia, "Control and Optimization of E.coli Picking Process for DNA Sequencing."
6 Source: Ibid.
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3.2.2.2 TempliPhi Addition
The TempliPhi process, developed by Amersham Biosciences, allows the DNA in the vectors to
be cost effectively copied (or "amplified") at a rate much higher than is provided by normal cell
replication. In four hours of reaction time roughly 107-fold amplification will take place.
Broad's process starts by transferring a small quantity of glycerol from each well in the 384-well
glycerol plate to a new Eppendorf TwintecTM 384-well plate. During the transfer process, buffer
is added to control the pH in solution during the reaction. This step is known in the process as
Inoculation. Once the transfer is completed, the glycerol plate is placed in short term storage as
a back up until data is collected at the end of the process. The Eppendorf plate is sealed and fed
through an oven which is hot enough to lyse the E. Coli cells and release the DNA into solution.
The high temperature also denatures the vector, splitting the double-stranded DNA into single
strands.
After the plates have cooled below -25 0 C, TempliPhi is added to each well, and amplification
starts immediately. The TempliPhi solution contains three items critical to the reaction: random
hexamer primers, Phi29 DNA polymerase, and dNTPs. The primers attach to the single-stranded
DNA in various places, thus starting the reaction. In Figure 7 below, the primers are
represented as black tails at the end of the blue lines. The Phi29 DNA polymerase (the blue dot
in the figure) then acts as a zipper, aligning loose bases (dNTPs) with the circular template,
thereby forming double-stranded sections of DNA on the vector. For instance, if the denatured
vector has an A nucleotide, the polymerase molecule will attach a T nucleotide to it; it will then
travel to the next nucleotide on the vector, and align a new complementary nucleotide.
This particular polymerase is novel because it displaces the primer as it travels around the vector;
this is seen in the third phase of the figure. Once the primer is displaced, the DNA on that
fragment is again single stranded, and can be primed and made into double-stranded DNA.
Because the polymerase primarily replicates directly on the original vector, the process is highly
accurate, with an error frequency of 10-6-10 -7 bases. This is much lower than a traditional PCR
reaction.' This low error rate is especially impressive due to the fact that the polymerase is
capable of binding approximately 50 nucleotides per second.8
Figure 7. Rolling amplification by TempliPhi.9
7 Esteban, J. et al, "Fidelity of Phi29 DNA Polymerase."
8 Reagin, M. et al, "TempliPhi: A Sequencing Template Preparation Procedure That Eliminates Overnight Cultures
and DNA Purification."
9 Source: GE Healthcare, "Rolling Circle Amplification."
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To speed the process, the plates are placed in lots of 70-80 into incubators at 300C for 16 hours.
Figure 8, below, shows the amplification rate of a typical reaction. Once incubated, the plates
are moved directly to Sequencing, or placed in the process buffer, which is another -200C freezer.
2.50
225
210
1.75
2xr
a 1
0.7s
050
0.15
0.00
rime (hrs)
Figure 8. DNA amplification of Ing of DNA at 300C over 24 hours.' 0
3.2.2.3 Sequencing
In the Sequencing area, Applied Biosystems BigDyeTM Terminator v3.1 is added to each well
and the plates are run through a process similar to a Polymerase Chain Reaction (PCR) in order
to prepare the DNA for the detection process. Before explaining the necessity of the dye in the
reaction, it is important to understand how the PCR process works.
PCR has three distinct stages, all of which are critical to the reaction: denaturation, annealing,
and extension; see Figure 9.
1. Denaturation splits the TempliPhi product into single stranded DNA (the 'template'), by
rapidly increasing the solution temperature to 960 C for 20 seconds. During this step, any
enzymatic reactions, such as annealing or extension, are halted as the DNA separates.
2. In the annealing step, two specific 'primers' form an ionic bond with the template. The
primers are specifically designed to bind at the point where the vector was cut with a
restriction enzyme in MBPG. Consequently, extension will occur only along the DNA of
interest, and not along the vector.
3. Extension occurs once the primer has attached; a DNA polymerase extends the new
strand from the primer in a specific direction, pulling complementary dNTP's from
solution to form double-stranded DNA. Because the polymerase always builds chains
from the 5' to the 3' end of the DNA, only the DNA of interest is made into double-
stranded DNA.
10Source: GE Healthcare, "Rolling Circle Amplification."
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PCR: Polymerase Chain Reaction
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25 Cycles of 3 Steps:
Step 1: Denaturation
1 minute, 94C
Step 2: Annealing
45 seconds, 54C
Step 3: Extension
2 minutes, 72C
Figure 9. Typical steps for a Polymerase Chain Reaction (PCR)."
These three steps are
stranded during each
Figure 10 below.
repeated 25 times; because the double-stranded DNA becomes single-
denaturation step, the DNA of interest is copied exponentially, as shown in
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Figure 10. Copies of the template DNA (the part we wish to sequence) occur rapidly.12
"Source: Adapted from Vierstraete, Andy, "Principle of the PCR."
12 Source: Vierstraete, Andy, "Principle of the PCR."
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Sequencing differs from PCR in a few key ways. First, there is only one primer in solution, so
only one side of the chain is copied. This means that copying occurs linearly instead of
exponentially. Second, the solution contains ddNTP's (the colored nucleotides in Figure 11 with
dots as heads) in addition to the normal dNTP's. The ddNTP's are nucleotides that have a
fluorescent dye attached to them; each nucleotide (A, T, C, and G) has a different fluorescent tag,
which will be important in detection. Once the primer has attached, the DNA polymerase
continues to build a chain with dNTP's until it adds one ddNTP. Once this occurs, the reaction
stops until denaturation occurs again. As the reaction progresses, many chains of different
lengths are built. Thus, if the DNA we are interested in sequencing is 2000 base pairs long, the
solution will contain chains of length 1, 2, 3, 4,...., 2000, each ending with a single ddNTP.
Note that the times and temperatures also differ from a normal PCR reaction. This is primarily
because the ddNTP's are more difficult to bind and there needs to be enough time for this to
occur.
Sequencing
25 Cycles of 3 Steps:
20s,__ _ _ Step 1: Denaturation
i Stei2i Annealing
Step 2: Annealing
15s, 50C
'II
5iU il ll IsI 3'
I Step 3: Extension
i . 4i s\ 4min, 60C
Figure 11. Typical steps for a Sequencing Reaction.' 3
At Broad, the sequencing team starts by transferring the DNA from the TempliPhi Eppendorf
TwintecTM plate into two other Eppendorf TwintecTM plates and diluting the DNA mixture with
water. The top of the red plate (the TempliPhi plate) in Figure 12, below, is transferred into the
top and bottom halves of one blue plate, so there are two copies of DNA in one blue plate. The
bottom half of the red plate is transferred into another blue plate, and the red plate is then
discarded. Once this is done, two types of dye are added to each blue plate; "forward"
sequencing dye is added to the top half of the plate, and "reverse" sequencing dye is added to the
bottom half of the plate. These dyes have primers that are designed to bond to one side of the
13 Source: Adapted from Vierstraete, Andy, "Principle of Sequencing."
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DNA or the other. This way, the data can be compared from both directions when assembling
the DNA structure, reducing the likelihood of an incorrect "base call" on a detector.
Figure 12. Transfer of DNA from TempliPhi plate (red) to Sequencing plate (blue).
After the dye is added to the blue plates, the plates are sealed and centrifuged briefly to ensure
that all of the reactants are in contact with one another. The plates are then placed on
thermocyclers, which automatically ramp the temperatures through the cycle shown in Figure 11
above. They are then placed in a small buffer refrigerator to await ethanol precipitation.
3.2.2.4 Ethanol Precipitation
Once the plates have run through the sequencing process, the excess dye and other contaminants
must be separated from the solution. Because the dye is soluble in ethanol and DNA is not, the
DNA can be precipitated out of solution in a centrifuge, and the liquid drained to remove the dye.
The process starts by adding 14pL of 80% ethanol to the 2pL reaction mixture in each well. The
plates are then sealed and placed in batches of 36 in to a centrifuge. After a 45 minute 1400G
centrifugation, the plates are removed and the seals are pulled off. The plates are then placed
back in the centrifuge upside-down for a 5 minute "flip-spin," which removes the liquid from the
wells. They are then placed in a warm room for 10 minutes to let any excess ethanol evaporate,
and then moved to another -20 0C buffer before Elution.
3.2.2.5 Elution
The elution step re-suspends the DNA pellet formed in Ethanol Precipitation in a water/EDTA
solution. The EDTA helps to complex any remaining dye that was not removed in the
precipitation. After the EDTA solution is added, the plates are centrifuged to ensure contact
between all of the components in solution, and are then stored temporarily before being placed
on the detectors.
3.2.2.6 Detection
Detection is done using an Applied Biosystems 3730x1 detector, which utilizes gel
electrophoresis technology to determine DNA sequence. The technology, shown in Figure 13
below, uses a voltage differential to drive the DNA fragments through a polymer gel. Shorter
fragments travel through the gel faster than long fragments, and thus reach the bottom of the
polymer gel (and the detector) earlier.
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As the fragments travel through the detection area, the ddNTP nucleotides are excited by a laser
and the fluorescent image is captured by a CCD camera. The machine output is as pictured
below, on the right side of in Figure 14. Each peak represents one base pair, and each color
represents a specific nucleotide. For instance, in the figure, a red peak indicates a 'T' base.
5'-Labe1-C GACTC
3 -GATCCGMT ATT•CTGAM-5
5'-Label-CTAGCTCA
'm111rL1g3 -GATCCGMTA !AC -5
5'-Label-CTAGGCTCAT
3'-GATCC0ACTA TGAM-5'
5'-Label-CVAG3GCTCACefFigure 14. DNA trace.3'-@CGMT.G2=ATT
6'-Label-CTAGGCTC A n I
5 Lab1I-CTAGGCTA XIT
3 *-GA1VCCAGThsA!AAThTGAM-5' '
Bectrophoresis I ge
Figure 14. DNA trace.
Once the chain of nucleotides has been identified, an intensive computer analysis takes place to
re-assemble the entire strand of DNA. Because the DNA was cut into random sections in MBPG,
the software must analyze the chain produced in every detection run and start to build
overlapping strings, eventually rebuilding all, or at least most, of the molecule. Due to random
14 Source: Vierstraete, Andy, "Principle of Sequencing."
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errors, difficulty in sequencing certain strings of data, and genomes with a high number of
repeating nucleotides, a Finishing group is used to aid in assembly. This group works
specifically with these hard-to-sequence regions, and utilizes a variety of techniques in order to
completely assemble the genome.
It is important later in the thesis to know that detection, the last step in Broad's process, is the
bottleneck area for the Institute. Because each machine represents a several-hundred thousand
dollar investment, the machines operate around the clock, and utilization is extremely important.
The rest of Broad's operations follow an 8-hour 5-day per week schedule, meaning that buffer
sizing is critical to ensure machine uptime in detection.
3.3 Quality Metrics and Control
Broad uses a number of quality metrics to track its day-to-day production of genomic data. End-
process quality for each project is tracked by date and project, as read quality tends to be
dependent on the source of the DNA. Hence, a degradation (or improvement) in quality on a
single day may or may not be process related; it may be caused by a new project coming through
the pipeline. The primary end-process metrics of interest are Q20, Read Length, Intensity, and
Sequencing Pass Rate.
Q20 is a measure of quality of a single "basecall." It represents the probability that that a given
individual nucleotide, or base, is what the program has specified; in other words, how sure the
Institute is that an 'A' is really an 'A' and not a T, C, or G. Specifically, a Q20 base has a 99%
chance of being called correctly. The 'Q' value is calculated using the following equation:
q= -10log• 0(p) (Equation 1)
where p is the estimated probability of error for the basecall; consequently, high Q values
correspond to low error probabilities. Broad reports the number of basecalls at a quality level
equal to or greater than Q20 in a given read from a single plate well.
Read Length is determined using a sliding window of 20 contiguous bases. The base calling
program starts by analyzing the first group of 20 bases at the beginning of the read; if those bases
have an average quality greater than Q15 (roughly 3.2 errors/100 basecalls, per Equation I
above), the window indexes by one base and checks again. When the window reaches an area
that does not pass, the algorithm stops, and the last base in the window is reported as the read
length. Figure 15 below illustrates this algorithm; if the window in red failed the test, a read
length of 787 bases would be reported.
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20-base window
Figure 15. Determining read length.
Sequencing Pass Rate is a slightly less important metric, as it is dependent on the calculation of
Q20. If a single well has Q20s below a certain cutoff point, it is considered a failure, and the
data generated from that well is not used in the genome assembly. The percentage of passing
wells on each plate is reported in the quality system. The average number of Q20s per well on a
given plate is typically considered to be a better indicator of process quality.
Intensity is of interest only in the detection area, as it is the average intensity of fluorescence in a
given read. Intensity can be a measure of contamination in the well, or an indicator of quality
issues with BigDye. Of the quality metrics listed, this is the least important, and is typically only
used for troubleshooting purposes.
The Institute also does a limited amount of in-process testing in each area. In general, the tests
are more qualitative than quantitative, and they are not used for process control. They have
proven useful for troubleshooting in past cases, however, and Broad is in the process of
developing in-process checks that will be better indicators of quality. The current and in-
development testing for each process area is given below.
3.3.1 Picking
Before the agar plates are loaded on to the picking machines, they are visually checked to ensure
that colony counts are approximately correct (i.e., there are enough colonies to justify loading,
and that the colonies are appropriately spaced). After the glycerol plates are allowed to grow
overnight, they are visually checked to ensure that colonies are growing in each well; under a
bright light a growing colony makes the well appear hazy instead of clear. If more than a set
number of colonies have not grown in a given 384-well plate, the plate is discarded and
supervisors determine whether or not it needs to be replaced based on the yield of plates already
processed.
3.3.2 TempliPhi Addition
This team does both raw material and in-process testing. Due to the sensitivity of the TempliPhi
solution to temperature and process variation, each bottle of solution is tested in the morning
using a PicoGreenTM test (Molecular Probes, Inc.), which is a fluorescence method that allows
the user to determine the quantity of double-stranded DNA in each sample. If a significant
amount (no specification limit has been set) of DNA is detected, the bottle is returned to the
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vendor. During the day, four plates from each batch of 70-80 plates are weighed to ensure that
the correct amount of TempliPhi reagent is being added. Finally, after being incubated, these
same test plates are checked using a PicoGreen analysis to ensure that the reaction occurred
without event (i.e., the reagents were active and were added in the correct quantity, no
contamination occurred, and the incubator worked as expected). This test is not used as for
statistical process control, and has little correlation to end-process quality; more will be
discussed on this later in the thesis.
Broad has recently begun using a fluorescent dye test to ensure that the machines are pipetting
evenly into each well. This is much more useful than the current weight test, as it checks the
volume dispensed into every well and can detect minute changes in dispense accuracy across a
plate. Currently, this test is being conducted before each batch of plates is run on each machine.
3.3.3 Sequencing
Sequencing checks the weights of plates throughout the day, and will be starting to use the new
fluorescent dye test in the near future. Each plate is visually checked to ensure that machines are
pipetting accurately across the surface of the plate.
3.4 Operations Cost Structure
Operating cost at the Broad Institute can be broken down into three primary areas: depreciation,
labor, and materials. Detailed labor and depreciation cost data are not available for use in this
thesis and can be considered to be fixed. These costs are also relatively low (at least an order of
magnitude less) compared to the cost of materials; this is primarily due to patent protection of
two chemicals, TempliPhi and BigDye. Consequently, material cost is a good indicator of the
relative cost burden of each area. Figure 16 below shows a breakdown of the relative cost
burden of each area on overall Broad Institute operations.
Figure 16. Materials cost percentage by area.
As can be seen from the figure, the TempliPhi and Sequencing areas represent the bulk of
materials expenditures by the Broad Institute. As mentioned above, this is because the cost of
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chemicals in these areas is quite high. BigDye is by far the most expensive chemical,
representing roughly 48% of Broad's material cost; TempliPhi is a close second, representing
33% of material costs. Plates make up another 9% of costs; all told, these three items represent
close to 90% of the Institute's material spend.
3.5 Operations Organizational Structure
Broad's organizational structure mirrors the operating areas discussed above. Due to the fact
that the staff is highly educated for a manufacturing group, the organization is relatively flat. At
the top of the sequencing organization is the Director of Sequencing Operations, an LFM
alumnus and the sponsor of the internship. Reporting to the Director is a variety of groups, only
three of which are dedicated to day-to-day operations: Core Sequencing, Materials, and MBPG.
The other groups, Special Projects and Technology Development, work on smaller, difficult to
sequence projects and new equipment and process development respectively. All managers on
this level have extensive experience in biology and research, and some have been with the Broad
Institute for many years. Reporting to the Core Sequencing manager are four supervisors/
coordinators that focus on troubleshooting, optimization, and broader manufacturing issues; the
supervisors also act as liaisons between daily manufacturing and the other groups.
Finally, reporting to each supervisor/coordinator is a team of 2-11 people, depending on the area.
The teams are responsible for the daily operation, maintenance, and troubleshooting of the
equipment, and are getting more involved in project and process improvement work through the
implementation of a Six Sigma program. Even at this level, the majority of people hold degrees
in biology or a related field.
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Figure 17. The Broad Institute's Core Sequencing Organizational Chart (key boxes in white).
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4 Lean Manufacturing Background
This chapter gives the reader background on the history and goals of Lean Manufacturing. Lean,
at its core, is based on a number of values; it is through an understanding of these values, and not
through implementation of individual tools, that companies will succeed in implementing Lean
Manufacturing.
4.1 Lean Manufacturing History
Taiichi Ohno of Toyota pioneered lean manufacturing during the 1950's and 1960's as an answer
to the fledgling automaker's weak economic position against U.S. auto manufacturers. The
company lacked the capital, size, and markets that were afforded to Western automakers; mass
production was simply not feasible. Since then, the Toyota Production System (TPS) has
allowed Toyota to become the most profitable auto manufacturer in the world, selling fewer cars
only than General Motors. They have done this by integrating engineering and production,
valuing worker input, and continually striving to reduce both inventory and cost through a
variety of tools. Much has been written on Lean, and does not need to be rewritten here; for
reference, see Lean Production Simplified: A Plain-Language Guide to the World's Most
Powerful Production System.15
4.2 The 7 Wastes
Lean Manufacturing's goal, as put forth by Taiichi Ohno in his book "Toyota Production
System," is to eliminate "muda," or waste.16 Waste is defined as anything that the customer is
unwilling to pay for; in other words, waste is any production cost-be it from people, machines,
or transportation-that adds no value to the end product. Ohno split these wastes into seven
distinct categories, which have become known collectively as the "7 Wastes." The rest of the
tools described in this thesis, and the others that have been developed as part of Lean, were all
designed to help companies reduce these key wastes and improve system efficiency.
The 7 Wastes are:
Inventory: Excess raw materials, Work in Process (WIP), or finished goods in the process
area or in the ownership of the company. This is the key waste that this thesis addresses, and
more will be said about it in the "Kanban" section below. Inventory hides quality problems,
and costs the company money by tying up cash that could be used for expansion, investment,
or reducing company loans.
Transport: Unnecessary movement of goods due to poor layout or system design. Travel
distance should be minimized if at all possible; this helps to eliminate inventory by reducing
the time necessary to respond to changes in the re-supply system, as well as reducing energy
losses.
'" Source: Dennis, P., "Lean Production Simplified: A Plain-Language Guide to the World's Most Powerful
Production System."
16 Source: Ohno, T., 'Toyota Production System: Beyond Large Scale Production."
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Motion: Unnecessary movement of people or machines in a process. Walking between
process steps, searching for tools, and working with equipment that is not designed for the
job are all examples of excess motion. 5S seeks to reduce this motion by simplifying work
processes and providing necessary tools at the work station.
Waiting: Unnecessary waiting of people and machines or goods in a process. For instance,
WIP that is waiting for a machine is unnecessary inventory; people waiting downstream of a
bottleneck for work are not being used efficiently.
Over-processing: Processing to a standard that exceeds the requirements of the end-user.
Parts should be made to the tolerance and finish required by the person actually using them;
in other words, good quality is defined as exactly meeting customer expectations, not
exceeding expectations.
Overproduction: To produce at a faster rate than the customer actually requires. This could
be caused by using excessive batch sizes or by quality problems in production which cause
low yields.
Defects: Poor quality, scrap, or rework. Six sigma methodologies work specifically to
reduce quality defects.
The tools discussed in later chapters, including 5S and Kanban, help companies focus on these
wastes to free up cash for expansion, new investments, and quality improvements. The
companies that focus on reducing these wastes will be the ones that succeed in an age of ever-
increasing wage competition and reducing margins, as we have seen with Toyota over the last
two decades.
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5 Layout Change Background and Implementation
The first step towards reducing the 'waste' at Broad was to adjust the layout of equipment and
materials on the operating floor. As the Institute has expanded and process rates increased, floor
space has become a significant concern. New equipment has been added to increase capacity,
and additional space that was previously occupied by operations has been allocated to research
and development projects. To complicate matters, the space allocated to each operating group
was based on historical needs for space; over the years, equipment size, shape, and uses have
changed. Consequently, some groups had a large amount of space and others were constrained
by their areas.
Broad's process changes on a roughly two year cycle, as sequencing equipment/platforms are
replaced through technology improvements. Because of this rapid change in equipment, little
holistic thought is given to equipment location; in general, if a new piece of equipment is
received, it is placed wherever there is a somewhat logical hole in the operating floor. This has
led to split groups, complicated workflow, and excessive material handling and walking.
Because there are multiple processes on the floor, illogical equipment layout also increases the
likelihood of running plates through an incorrect process.
The Institute is, however, blessed with flexible equipment. Most machines are on movable carts,
and many are capable of being used on countertops. Few require difficult utility connections,
and Broad's safety rules do not prohibit the use of hoses or extension cords to connect equipment.
It is therefore simple to move equipment when necessary without disrupting the flow of the
operation. As part of the 5S implementation and general goal of reducing the 7 Wastes, the
Picking, TempliPhi, and Sequencing areas were adjusted to a new layout, and a plan was laid out
to move the ethanol precipitation team. In doing this, the following ideals were taken into
account:
* Work should flow through the process in an understandable, and if possible, linear fashion.
Vectors which run through different processes, such as pOTs and Fosmids, should have
work flows which require few equipment changeovers and minimize the likelihood of
incorrect processing.
* Floor space utilized by operating areas should be reduced.
* Walking time should be minimized; tools, equipment, and materials should be readily at
hand.
* Teams that work together should occupy the same area.
* All Equipment in an operating area should be easily monitored by line of sight.
* Walking through work areas should be discouraged to reduce the risk of accidents and
contamination of equipment and materials.
* Unnecessary storage/bench/freezer space should be eliminated to avoid gathering clutter.
* Physical constraints should be considered, and costs of movement minimized. If possible,
utilities such as water, sewer, and power (120V and 220V) should not be moved. Walls
and other significantly fixed objects should not be moved. This issue is specific to Broad,
because customization of areas does not make sense if machinery is going to be regularly
replaced.
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The general layout of the production floor is shown below. Walls and metal dividers were
assumed to be fixed, and the thermocycling location had to be fixed due to power requirements.
Certain equipment, such as refrigerators, could not be moved, as they were connected to outlets
with generator backup. Finally, MBPG was hoping to recover the operating area occupied by
Ethanol Precipitation, as it would allow them to move some processes in other parts of the
Institute back to their main operating area. Beyond these restrictions, equipment, materials, and
teams could be moved as needed within the operating area.
MBPG
Ethanol
Precip.
MBPG MBPG Picking
EThermocycling xtra Eq ipment
Sequencing T-Phi
Picking
2
Figure 18. Broad operating floor.
The Picking area had a number of issues before the layout was changed. The largest was that as
extra equipment had been added, the team was divided in two; six picking machines were in one
area, and three were in another room roughly 20 yards away. This meant that operators
constantly had to be in both areas, and plates were regularly being transferred back and forth,
increasing the likelihood of plate mix-up. Much of the storage in the area was filled with rarely
needed spare parts, chemicals from processes that were no longer used, and general clutter.
Finally, the area was very crowded with unnecessary people and materials; one freezer was used
as storage by the TempliPhi team, and all of the sequencing operators used a "mini-mart" for raw
materials that was on the shelves in this area. Consequently, there was a high volume of
unnecessary traffic.
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Figure 19. Main Picking area layout before changes.
The layout after changes were made is shown below. Nine picking machines now occupy the
space previously occupied by six, and there is additional room for 1-2 new machines as capacity
is expanded in the future. In order to do this, a freezer, roughly a dozen shelves and two lab
benches were removed. The new layout reduces walking and looking for materials, as all
necessary materials are stored (and automatically restocked) under the benches where they are
used. All equipment can be seen from three positions; in the past, each machine had to be
checked individually. This will help increase productivity, as machines will not sit idle at the
end of their processing cycles. The most dramatic impact has been the reduction in traffic
through the operating area, as the storage freezer and mini-mart have been removed.
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Figure 20. Picking area after changes.
Changes in the TempliPhi area were not as dramatic, primarily due to space constraints. The
main focus of changes in the area was to provide better material supply and enable operators to
see necessary equipment from a single location, thus reducing the need for constant supervision
by multiple operators. The layout also allowed Fosmids and Plasmids to have better separated
paths through production, reducing the likelihood of mix-ups. By arranging the equipment in
this manner, space was also opened up to allow the Picking layout changes discussed above.
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Figure 22. TempliPhi area after changes.
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The Sequencing area best exemplified machine placement at the Institute; whenever a new
machine was moved to the operating floor, it was put in whatever spot was available.
Consequently, there was no defined work flow through the area. The changes in the Sequencing
area focused on defining the work flow through the area by creating small "work cells," and in
reducing walking and handling of plates. For example, before the changes, the team walked to
the Ethanol Precipitation area to use a centrifuge every time they produced a small set of plates.
Because the Institute had a number of extra centrifuges available, we were able to move one into
the area once the layout was changed. Work flow is not shown in Figure 23, because there was
no set work flow before changes were implemented.
SI Ta ) Niew.,MfANo WI
PJA4 X M Sealer
Figure 23. Sequencing area before changes.
Work now flows to a thaw rack and then to the three "work cells" which are each made up of
two machines (one Multimek, one Equator). By pairing the machines, the likelihood of process
mistakes is reduced, and troubleshooting is easier because a quality problem can be narrowed
down to a single set of machines. Once the machines are through processing, the plates can be
sealed and centrifuged in a centrally located area, and then moved to thermocycling or a small
buffer refrigerator.
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Figure 24. Sequencing area after changes.
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The Ethanol Precipitation area will move after the finish of the internship, as there are a number
of other equipment moves currently planned at the Institute which must be negotiated first. The
area will, however, be moved out of the MBPG area, and into the old secondary Picking area.
This will allow for better utilization of MBPG space, and allow the Ethanol Precipitation team to
interact more with the Sequencing and TempliPhi teams.
The goals established before the layout changes were met in the following ways:
Goal
Clear work flow established
Reduce Floor space
Reduce walking time
Teams co-located
Easy monitoring
Bench and storage space
reduced
Minimize cost of move
Accomplishments
* TempliPhi area now has two distinct
paths for vectors
* Sequencing area has small "work cells"
* Overall reduction of -400 ft2 of space.
* Added two new Equators, one new
picking machine, and one new centrifuge
* One -800 freezer removed
* Materials moved closer to point of use for
all teams
* Picking team in one area
* Picking and TempliPhi layouts minimize
walking to monitor machines
* Picking team in one area
* TempliPhi area can be monitored by one
operator vs. two
* Picking area can be monitored by two
people vs. four
* Roughly a dozen shelves, 20' of
countertop, and five cabinets removed in
picking
* Multiple small tables and storage areas
removed from TempliPhi and Sequencing
* Only cost was removal of lab benches
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6 5S Background and Implementation
This chapter gives the reader the history and background of 5S, a core part of every Lean
implementation in a manufacturing environment. It also covers steps for implementation, and
how the system was implemented at the Broad Institute.
6.1 5S Background
The 5S system grew out of five Japanese words: Seiri, Seiton, Seiso, Seiketsu, and Shitsuke.
Although there are various translations of these words into English, most companies translate
them as sort, set in order, shine, standardize, and sustain. More detail is shown below in Figure
25. In its essence, 5S can be condensed into a phrase common in the boating world: "A place for
everything, and everything in its place."
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Figure 25. The 5S system (literal translations from Japanese in bold).
Most companies venturing into Lean manufacturing start with 5S, as its results are visible and
relatively impactful. Organizing tools, reducing sources of contamination, and standardizing
work areas and methods results in "less searching, decreased walking and motion, reduced
downtime, fewer safety hazards and accidents, improved flow, fewer mistakes and better
utilization of space."l 7 It is also aids in training new staff, as work methods are clearer and more
standardized.
Although there are many ways to implement 5S in a manufacturing organization, the process can
typically be broken down into the following steps:
17 Source: Chapman, C., "Clean House with Lean 5S."
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1.) Provide Training. Before starting any implementation, workers and managers need to
understand the system and its benefits. The training should focus on the steps the
organization will take, provide some example pictures of "Correct" and "Incorrect" states,
and give the organizational drivers that are leading to starting 5S. Without at least some
grassroots support, the implementation will fail.
2.) Perform the first three S's as a team. 5S teams are typically made up of a number of
people from various roles in the organization. The bulk of the work should be planned
and completed by the team that interacts with the equipment on a daily basis. Managers
should, however, also take a role in doing the "grunt work," and people outside of the
process should be involved; fresh eyes often see areas of improvement that more
seasoned eyes can miss.
3.) Standardize work methods, area layouts, and changeovers. Once the initial cleaning
is complete, the focus should shift to work improvement. There is a "best" way to do
every task; it is up to the team to choose these best practices and adopt them. Many times,
this is done by documenting methods previously taught through apprenticeship models,
and creating simple checklists for common tasks.' 8
4.) Sustain. This is certainly the most difficult step to achieve. If focus is removed from a
5S implementation before it is engrained in the culture of the organization, cleanliness
and standards will slowly degrade into their previous state. Typically, sustaining efforts
are started through regular, weekly audits; as the teams become more proficient at self-
monitoring, theses audits can be spaced further apart. It is also important to ensure that
workers are given adequate time at the end of shift to maintain their areas.
Although it is a simple tool, 5S provides the foundation for further Lean implementation.
Without standardized work practices, further advances in maintenance, planning, and production
leveling can simply not be achieved.
6.2 5S Implementation
The four steps given above were used to plan the 5S implementation at the Broad Institute,
which followed the rough timeline shown below.
18 Source: Albert, M., "This Shop Really Shines..."
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Training
Implementation
Sequencing
TempliPhi
Picking
Eth. Precip.
Standardize
Sustain (Audit)
Figure 26. 5S Implementation timeline.
6.2.1 Training
Due to the fact that Broad has a relatively small operations group, training on 5S and system
expectations was quite easy. At the beginning of the week, handouts with some background
information on 5S and the 7 Wastes were given to the operators, in order to give them a basic
understanding of the systems. During the week, I answered a number of initial questions, and at
the end of the week, gave a presentation to the entire team. This presentation defined each of the
5Ss and 7 wastes, and then, to make the process seem less overwhelming simplified it to one
saying: a place for everything and everything in its place. I then gave them five reasons why the
system was important to both them and the Institute:
1.) Improve training of new people
2.) Reduce mistakes
3.) Reduce WIP
4.) Reduce lost plates
5.) Reduce contamination/bad reads
These reasons were picked because they impacted everyone in the room; operators were
concerned about mistakes, supervisors worried about training and lost plates, and managers
wanted to reduce WIP and contamination, which impacted the bottom line. Key to the
presentation was a number of pictures from other manufacturing facilities that showed examples
of 5S implementations. Pictures of quality implementations set clear expectations of what the
Institute was looking for in its own implementation. This presentation showed everyone that the
project was supported at a high level (there were a number of managers in the room) and
committed everyone in the room to the project; the presentation could always be used in the
future as a reference if there was any push back.
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Although the Broad Institute has implemented 5S in the past in the MBPG area, the decision was
made to separate the previous implementation from the current one. While the systems were
going to be the same to make auditing simpler and allow for common expectations for
employees from management, there was little emotional or physical bond between the two areas.
The two areas each felt their work was fundamentally different; one is focused on automation,
while one is focused on bench-top biology. Therefore, we wanted to avoid the "Not Invented
Here" syndrome; the previous implementation made selling the system to management easier,
but wasn't useful for selling the system to the operators.
6.2.2 3S's
A staggered rollout of the system was used to gain buy-in from certain skeptical teams of
operators, who viewed the system as mere housecleaning and extra work. The Sequencing area
was chosen as a good starting place, as the operators in the area were willing to give the system a
try. The area was also used to train new operators, so it would most benefit from standardization.
It is best to utilize a person outside of the operating area to perform the initial sorting, as they
tend to be unattached to the materials, tools, and extra equipment that have built up over years of
operation. In order to sort out extraneous items, I used the following flowchart:
Figure 27. Sort flowchart.
Once the area was sorted, the remaining items were placed in specific, marked locations. This
portion of 5S can take a significant amount of time, as operators need to agree on the location of
shared tools and materials. Once the location of an item is chosen, the it is taped off or marked
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in some fashion so that it is clear to people what belongs there. Note in Figure 28 below that
there are areas taped off in green tape for each piece of equipment or item. The area is labeled
with the item's name (and, if necessary, is labeled with the item's quantity and stock code).
Figure 29 shows a tool board on an operating line at a soap plant. Behind every tool is a shadow
of the tool; it is readily obvious to user and visitor alike if a tool is missing. Only tools required
to repair the equipment on the line or complete changeovers are available; other tools are stored
off of the operating floor.
1igure 25. 35 in sequencing area.
Figure 29. 5S of tool storage in a soap plant.
The third 'S' to focus on during the initial implementation is Shine. This is rather self-
explanatory; the table tops and equipment were wiped down, and the floors were cleaned. As
part of the cleaning, broken equipment and other problems were detected; for instance, we
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noticed a significant amount of biological growth in the tip rinse baths in some equipment;
removing this actually improved quality in terms of sequencing pass rate. The cleaning also
appears to have improved both Q20 and Intensity, although this is harder to prove from a
statistically significant standpoint. For more information on this, see Appendix A. The
equipment cleaning has also helped to identify problems after 5S was started, such as leaks of
water, oil, or grease. In one case, when a machine broke down, I noticed a small magnet
underneath it (which had fallen out); before cleaning, the area under the machine had so much
dirt, materials, and tools that finding the part would have been unlikely.
6.2.3 Standardize
Standardization is an ongoing process at the Broad Institute. Because much of the direct
processing is done via robotics and many of the processes are already well documented, much of
the standardization that took place during the internship focused on having standardized work
flows. If possible, tools that had multiple uses (such as pipettes) were marked with the correct
dispense volumes, and given specific locations on the operating floor, so as to be available at all
times. In situations where multiple machines accomplished the same process step, the areas were
standardized with the necessary equipment. For instance, each Equator table in the Sequencing
area has specific areas to store wipes and dye tubes, so they are always within reach if necessary.
6.2.4 Sustain
Sustainability is perhaps the most difficult part of any implementation. It can seem, at times, like
keeping an area 5S'd is more work, especially at the end of a long day. Consequently, the
system needs regular reinforcement from management and, preferably, from operators on the
floor. At the Broad, we accomplished this by doing two things: implementing a monthly audit
system, and appointing one operator as the 5S contact on the floor. The monthly audits will be
completed by two managers (one from the area, and one from MBPG), at least one supervisor,
and the floor contact; a copy of the audit form is given in Appendix B. By having one operator
specifically accountable for 5S, the operating teams can be reminded on a daily basis of 5S
issues, and the operator can serve as a resource for any work completed in the future.
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7 Analysis of Existing Inventory and Cycle Time
Performance
This chapter describes the state of the Institute before the project was implemented. It also
covers the impact that the historical inventory control systems had on quality and cost, and
provides a justification for transitioning to a "pull" based production system.
7.1 Inventory and Cycle Time Performance before the Project
Before the start of the internship, there was a high level of variation in process cycle times of
plates as they passed through the process. The fluctuation in cycle time was caused by a number
of factors, including process changes (such as machine breakdowns), addition of extra work into
the middle of the process from outside labs, changing priorities, and personnel scheduling.
Feedback from the system took place (if at all) at daily meetings on production, but inventory
levels were in general not tracked. Operators tended to err on the side of caution; utilization of
the detection area was considered critical to the success of the Institute, so there was always
excess inventory stored for the unlikely event that there was a breakdown in the process.
Figure 30. Plasmid cycle time before process improvements.
Figure 30, above, shows the distribution of cycle times for plasmids flowing through the process;
as can be seen, there was a high variation in the process. The implications of this are covered in
the following sections.
7.2 Implications of Long Cycle Times at the Broad Institute
It is certainly true that longer cycle times (and higher inventories) have some benefits. Reducing
buffers exposes the Institute to a greater possibility of reduced process reliability in the Detection
area, and requires quicker action in the event that there is equipment or chemical failure in the
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process. However, reducing the inventories and cycle times leads to improvement in the process
in five different areas:
* Data would be available sooner to researchers around the world and planners at Broad.
* Quality would be improved.
* Cost of sequencing is reduced.
* Potential issues in the process would be discovered earlier.
* Other problems/workarounds in the process would be highlighted.
7.2.1 Data Availability
As the mean and variance of cycle time decreases, assembly will occur at a higher rate, and data
will be made available to researchers faster. Because the data being generated is used for
important medical research, the faster scientists receive it, the faster the world will receive
breakthrough medical treatments. The data can also be used to by planners within the Institute to
more efficiently sequence genomes; based on production yields, read lengths, and pass rates, the
number of plates processed in each project could be adjusted.
7.2.2 Quality Improvement
Perhaps the most compelling reason to reduce cycle time is that it causes a direct improvement in
process quality. Over 50,000 data points (the plasmids run between April and May, 2005) were
analyzed to determine the quality impact of in-process buffers. 19 Six buffers were analyzed:
Picking to Inoculation, Inoculation to TempliPhi addition, TempliPhi addition to Sequencing,
Sequencing to Ethanol Precipitation, Ethanol Precipitation to Elution, and Elution to Detection.
Three of these buffers were found to cause a significant reduction in quality: Inoculation to
TempliPhi addition, Ethanol Precipitation to Elution, and Elution to Detection. Critical buffers
are shown in red below.
N-u7 N-k7 SV-- x-7
Pic
AJ7k -417-.
Eth. Precip. Precip. lution E lution Detection
Buffer Buffer
Figure 31. Critical in-process buffers.
'9 Note that plates with pass rates less than 0.77 were cut from the data, as the general belief is that quality below
this level is reflective more of issues with the processing equipment than chemistry problems.
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The impact of the Inoculation to TempliPhi addition buffer is shown below in Figures 32 and 33,
and additional quality data is given in Appendix C. Delay time is given in minutes so, for
example, if the two chemicals are added 100 minutes apart to a plate, the expected average value
of Q20's in that plate is 710. Figure 33 is a standard JMP ANOVA output, where the green
diamonds represent the mean and 95% confidence interval of the mean for each group. As can
be seen in the figures, any delays in the process cause a significant impact on quality, and as such,
impact cost (see section 7.2.3 below).
000-- 11
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Figure 32. Impact of Inoculation to TempliPhi addition delay in minutes.
Figure 33. Linear fit of data from Figure 32.
Figures 34 through 37 show the impact of the Ethanol Precipitation to Elution and Elution to
Detection delays on finished product Q20 level, and Appendix C shows the impact of these
buffers on Intensity, Read Length, and Sequencing Pass rate. In all cases, there is a steady
decline in quality based on the time that plates spend in the various buffers.
Overall, the Inoculation to TempliPhi addition buffer has the biggest impact, i.e., steepest slope;
in this holding area, average Q20 drops by roughly 11 points per hour. Plates in the Ethanol
Precipitation and Elution holding areas degrade at roughly 0.43 and 0.33 points per hour
respectively. This difference in degradation rate is logical, as these later holding areas are in
negative 800C freezers, where DNA should not degrade. The first buffer (which is not
technically supposed to be a buffer) is after the oven in the TempliPhi area that has lysed the
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cells and denatured the DNA; at this higher temperature (well above room temperature) the DNA
can begin to break down, causing the TempliPhi reaction to be less effective.
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Figure 34. Impact of Ethanol Precipitation to Elution delay in hours.
Linear fit of data from Figure 36.
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Figure 36. Impact of Elution to Detection delay in hours.
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Figure 37. Linear fit of data from Figure 36.
7.2.3 Cost
From an inventory cost standpoint, it is preferable to store in-process inventory in buffers before
the high cost chemicals are added, thus decreasing the value of inventory stored on site. If we
assume a reasonable 10% cost-of-capital, reducing the buffer after sequencing from ten days to
three days, which is what is required to run through a weekend, would save the Institute roughly
$25,000 in inventory costs. Although Broad doesn't have a direct cost-of-capital, i.e., the money
saved in an inventory reduction is not reinvested in interest-bearing projects, it could be used to
develop new technology or hire scientists to continue to reduce costs.
However, this savings is minimal compared to the impact that quality has on cost. On average,
each additional 1000 base pairs at the Q20 level and above reduces the Institute's cost by $1.
This savings arises because Broad is required to have a set number of Q20 reads per genome by
their grants, and therefore need to have adequate coverage of the sequence. Coverage refers to
the average number of times that a given section of a genome has been sequenced. As coverage
increases, the likelihood of making a mistake on a given base decreases, resulting in more Q20s
per genome. By increasing the number of Q20s per read, the amount of coverage on a given
section of a genome can be reduced. Thus, for example, by utilizing the linear approximation
given in Figure 32 above, it is possible to determine the annual cost savings to the Institute by
changing the work flow through the TempliPhi area using the following equation:
$ Saved = 0.1 84(Processing Time Before-Processing Time AfterXReads / yearX$1 / 1000 reads)
(Equation 2)
While this equation is not a perfect fit to the data, it does give the Institute an idea of the impact
that relatively simple changes in work flow can have on the "bottom line." For instance, if the
average wait in the buffer is decreased from 250 minutes, which was the wait time before
changes were made, to 60 minutes, which is a reasonable average given the work flow in the area,
Broad's cost would be reduced by $3,686,000 per year. Similar equations can be produced for
the other process buffers.
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7.2.4 Error Detection
Because the Institute does not have robust in-process quality systems, errors in the process
(plugged tips, bad TempliPhi, bleach contamination, etc.), are typically not noticed until the plate
runs through the Detection area. With twenty days of time between Picking and Detection, this
means that the error can continue to occur for weeks without detection. This occurred during the
early months of the internship; the Institute received a large batch of TempliPhi which passed
initial quality checks, but contained some contamination. This caused a significant drop in
process quality which was not noticed for almost 1.5 weeks; once it was, permanent damage had
been done to the in-process DNA. Because of this, roughly two weeks of production were
scrapped mid-process, and had to be started again in MBPG. While this certainly could have
been prevented by installing more in-process checks, the issue would have been detected far
earlier if in-process buffers were reduced to more manageable and reasonable levels.
7.2.5 Process Improvement
Within Lean Manufacturing circles, it is common to hear the "water level" analogy for inventory.
In this analogy, the process (or boat) floats upon a sea of inventory, driven up by large batch
sizes and long cycle times. This inventory allows the boat to avoid any potential problems at the
bottom of the ocean, including machine breakdowns, quality issues, etc. However, in doing this,
the inventory also obscures inefficiencies in the system. Because there is so much inventory,
there is little concern about long setup times, high level of rework, equipment cycle times, and
transportation times. By slowly decreasing the inventory (water) level, these issues are brought
to the surface and begin to interfere with the process. Once an issue is discovered, it can be
permanently fixed. Then, the water level can be dropped again to allow the process to find new
issues. In this way, process improvements are driven; there is constant focus on small ways to
continue to speed operations and decrease the water level.
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Figure 38. Water level analogy for inventory 20
20 Source: Price, M., "Lean in Continuous Process Manufacturing: The Secrets of Successful Implementation."
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At Broad, inventory covers up inefficiencies in machine loading, old work practices, and poor
machine layout. By reducing inventory, a demand for improvement is created in the system;
suddenly, keeping the process running involves finding newer, better approaches to work.
7.3 Historical Production Control Methodology
Before the cost and quality impact of large buffers came to light at the Institute, there was no
formal production control strategy used in the production areas. Operators had a target level of
inventory in each freezer, and would, to the best of their ability and knowledge, attempt to
maintain this target level. If they were unsure of changes occurring downstream in the process,
they would ask Supervisors, who may or may not know about downstream issues. Thus, the
system was part push, part pull; inventory was made based on operators' perceived needs of
downstream production.
As was mentioned earlier, operators tended to err on the side of caution, which typically led to
overproduction. The next day, when they discovered that inventory levels were too high, they
would cut production. This led to a cycling effect in most of the production areas. This effect is
shown below for the Picking area over a 100 day period, where there was a huge variation of
glycerol plates picked on a daily basis. While this is partially caused by yield variations, it is
primarily caused by the bullwhip effect; as the most upstream area, it was greatly affected by any
changes in downstream demand.
Figure 39. Daily production of glycerol plates.
It was therefore critical to design a system which would reduce the variation in the process and
cut cycle times to reasonable levels. Using a pull system to do this is covered in the following
chapter.
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8 Designing a New Production Control Policy at Broad
Due to the issues caused by the historical production control system covered in the previous
chapter, it was obvious that a new system was in order. Pull production control was chosen, as it
has been used successfully in a wide array of lean implementations, and is considered the
cornerstone of inventory reduction in a lean systems approach.
8.1 Pull Production Background
Pull production control systems are arguably the most important tool in lean manufacturing.
Manufacturing systems in the past used "push" production control systems, in which large lots of
raw materials are purchased and released according to a manufacturing schedule, such as that
used in many Materials Resource Planning (MRP) systems. In essence, production is "pushed"
to the customer, regardless of customer demand or process state. While this system has the
benefit of high machine/personnel utilization, it drastically increases inventory. Push systems
also typically reduce flexibility, because high inventories lead to long cycle times through the
process; the process is unable to react to changing customer demand/preference.
In a pull, or Just-in-Time (JIT) system, material releases are authorized by the process, instead of
being scheduled for it. One article gives the example of a doctor's office to demonstrate the
difference between push and pull systems. 2 1 In a push process, patients are scheduled weeks in
advance according to the theory that an office visit will take a set amount of time, and over the
course of a day, they slowly queue in the waiting room outside the doctor's office-primarily
because visits take varying lengths of time. The patients (raw material) are therefore pushed
towards the doctor (process) by his assistant (scheduling system). The doctor pulls patients in as
work in process is completed. In a pull process, the assistant would call patients the day of their
appointment with updates, so that they could arrive only minutes before the doctor was ready for
them; in this way, the doctor (the process bottleneck) would set the pace for the whole process,
thereby reducing his WIP (the patients in the waiting room).
Why use pull? Importantly, a pull system addresses many of the 7 wastes discussed above.
Inventory, overproduction, and defects are all reduced with the use of a pull system. Because
work is only released when there is capacity for it, WIP does not build up before bottleneck
processes or if there is a machine breakdown. Quality issues are discovered earlier because the
cycle time of the process is decreased. Overproduction of unnecessary finished products is
reduced (and flexibility is increased) because only products for which there is demand are
produced.
There are a number of different ways to design an inventory control system. This chapter
discusses some of the common systems, and covers how to size these systems given varying
process conditions. This involves using a number of tools, including process buildup diagrams
and discrete events simulation.
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8.2 Pull Production System Options
8.2.1 Simple Pull Production: Drum-Buffer-Rope and CONWIP Systems
A number of pull systems have been developed over the past few decades and deserve some
mention here, as the selection of the appropriate pull system has a significant impact on the
success of an implementation. All of the systems rely on the flow of information from
downstream processes to release raw materials at the start of the process; the arrows in Figure 40
represent this flow of information back.
In the simplest form of pull, known as a Constant Work in Progress or CONWIP system,
inventory is controlled by releasing raw materials for a new item only when a finished good is
produced. Thus, while overall inventory is fixed in the system, the various buffers are allowed to
float. Over time, unless the production areas are perfectly balanced, the buffer before the system
constraint will grow, and other buffers will shrink. Using this method, it is simple to calculate
WIP Inventory (# of items) using Throughput Time (time for a unit to get through the system)
and System Rate (items/unit time entering or leaving the system) using Little's Law:
Inventory = Throughput Time * Rate (Equation 3)
The Drum-Rope-Buffer system was introduced to the manufacturing world primarily through the
writings of Eli Goldratt in his novel, "The Goal."22 The system, based on the Theory of
Constraints, is a slight modification of the CONWIP system. In a DBR system, the signal to start
new work occurs whenever a production item leaves the constraint of the process. The constraint
is the area/piece of equipment which has the longest cycle time of the process. The "drum" of
the process is this constraint; it sets the drum beat to which all of the other equipment marches.
The "rope" is attached from the drum to the material release point; the rope is tugged every time
an item leaves the constraint area. The length of the rope represents the buffer in front of the
constraint; the longer the rope, the bigger the buffer.
Using this system, the manufacturing organization is less likely to starve the constraint area,
because the feedback information loop is shorter. In a CONWIP system, variation in processing
time in the areas upstream of the constraint could theoretically cause the constraint to starve if
WIP levels were pushed low enough. It is important to note that these two systems are identical
in the case that the constraint area is the last step of the process.
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Figure 40. CONWIP and Drum-Buffer-Rope systems. 23
While relatively simple to implement, these systems have a fault in that the buffers are allowed
to have varying quantities of items, which can be an issue for several reasons. First, the value of
products in some buffers may be much higher than the product in other buffers. For instance, if
an expensive subcomponent is added in an area, it would make sense to have a larger buffer
before that area than after it, all else being equal. Second, it may be important to check the
quality of a product after a particular production area, so it would make sense to limit the size of
the buffer after that area so that any quality issues would be caught quickly in the next area.
Finally, as in the case of the Broad Institute, the quality of the product may degrade more rapidly
in some buffers than in others. As was discussed above, the size of buffers towards the end of
the process have a much large impact on quality, and thus should be minimized; buffers at the
beginning of the process have little to no impact on quality.
The CONWIP and DBR systems also limit visibility of the work in process in each area. Short
of doing a manual count of each process, it is difficult to determine the exact state of the system,
that is, determine how much product is in each buffer and where problems are arising in the
process. The systems can also be problematic if the process isn't relatively linear or has different
paths; as demand changes for various products, the constraint may shift.
8.2.2 Kanban Production Control
Kanban systems attempt to account for some of the issues that arise with CONWIP and DBR
systems. Kanban literally means "card" or "sign board24,' in Japanese, and was developed by
Toyota to control its process flow. Unlike CONWIP or DBR systems, kanbans signals are used
to control the flow of raw materials and product to and between each area. Consequently, the
amount of product in each buffer can be precisely controlled and tracked. A typical kanban card
is shown below.
23 Source: Tagawa, J.T., "Implementing Theory of Constraints in a Job Shop Environment."
24 Source: Ohno, T., "Toyota Production System: Beyond Large Scale Production."
MIT Thesis - Kerry P. Person
\-
~,,~,:,r%.,Onsu M~
Page 59 of 104
KANBAN Number of
Part #
Location Used
Location Produced
Supplier Number (If purchased)
Number in Container
Figure 41. Kanban card example.
Figure 42 below shows how a simple 1-card kanban system works. In Stage 1, Process 2 has just
been told by a customer (not shown) to produce one item. Process 2 removes one item from the
buffer in front of the station and gives one grey kanban card to Process 1 (shown in Stage 2).
Process 1 then removes an item from its buffer, places a white kanban card upstream to signal
that it needs replenishment, and affixes the grey kanban card to the item it is working on (shown
in Stage 3). Once Process I is finished with its item, it places the item in the buffer in front of
Process 2, resetting the entire process to Stage 1.
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Figure 42. Kanban production system stages.
This process is repeated over and over; Process 2 works only when something has been
requested by a customer. Process I works only when Process 2 signals that it needs additional
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inventory. This system can be repeated many times over, and can work in both linear and non-
linear systems. In situations where the processes are not next to one-another, a 2-card system is
utilized, in which there are two types of cards: production and move. Production cards signal an
area to start work on an item (as in a 1-card system), and move cards signal for material handlers
to deliver new material to the process work area.25
The number of cards in the system controls the amount of WIP inventory in each buffer; if one
card is added to the system, one more part (or box of parts) will be added to the system.
Obviously, the number of cards selected must account for the cycle time of the upstream process
and the time necessary for an item to be delivered from that upstream process. Determining the
number of cards and buffers sizes in a kanban system is covered in a following section.
While kanbans were originally physical cards which passed between production areas, the
system has evolved such that a variety of different kanban signals can be used to start production.
For materials delivery to the production line, companies often utilize a "2-bin" system, where
one bin is in-use at the production line, and one bin is either full or in the process of being
refilled; the bins are sized such that the production line can never empty one full bin in the time
it takes to get the empty bin refilled.26 For larger items, such as parts stored on pallets, a painted
off area of the floor can be used; when the painted area is visible, i.e., the pallet has been used, it
signals to materials handlers to bring a fresh pallet of materials. More recently, with the advent
of powerful handheld electronic devices, companies are starting to use electronic kanbans, which
utilize barcode or RFID technology and electronic databases instead of physical cards.
8.3 Electronic Kanban Systems
While card-based kanban systems work well within a single facility, they do have their
limitations. The primary issue that many companies face is lost cards or bins; in fact, some
major auto suppliers lose up to one percent of their cards on a daily basis.27 Even if cards do not
get lost, they may not get moved or attached correctly to the items, which happened at the Broad
Institute. Thing get more complicated as supply chains get longer; instead of working with
supply chains that reach to neighboring towns, many companies are working with supply chains
that circle the world. Most kanban systems rely on faxes or emails to distant suppliers, but even
these systems can be problematic, as they are subject to delays and re-keying errors.
Newer electronic systems transfer real-time data automatically between supplier and purchaser.
When a company uses a part, they scan it with a bar-code reader. This information is compiled
automatically in a database or ERP system, and then sent on an hourly or daily basis to suppliers
via an EDI or email link. The system also allows more flexibility; because a typical production
facility deals with thousands of parts, calculating (and re-calculating for new products as
production ramps up) the number of cards for each part can become quite tedious. An electronic
system can automatically resize kanbans based on changing production conditions and item
demand. By utilizing the database features, companies can find ways to reduce their inventory
on an ongoing basis, and give more accurate supplier feedback. Finally, by providing more
25 Source: Hopp, W. et al., Factory Physics, 163.
26 McKellen, C., "Pull and kanbans."
27 Drickhamer, D., '"The Kanban E-Volution."
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accurate information faster to suppliers, their processes are allowed are made steadier, thereby
reducing costs in the supply chain and ensuring more accurate and timely deliveries.
8.4 Sizing a Kanban System
There are a number of approaches to designing a kanban system, from quite simple, to extremely
complicated. To start, we'll examine a 1-card system, and make the assumption that process
equipment is dedicated to producing only the part of interest; in this case, calculating the
minimum number of cards is a simple task. We will also assume that the kanban card is released
when the last part is taken out of the in-use container.
We define the following notation:
di = usage rate of item i (units/hour)
si = production rate of item i (units/hour)
ci = number of units in a kanban container (units)
ti = time for kanban signal to travel from the usage area to the production area (hours)
t2 = time for the finished parts to be moved from the production are to the usage area (hours)
k = number of kanban cards/containers in the system
k = max 2, ROUNDUP + t + t2Idi +1 (Equation 4)
Ci
This equation calculates the number of kanbans required by determining the amount of units
used during the replenishment time, and dividing these units by the quantity of units in each
kanban. The "+ 1" term accounts for the kanban box/card that is used before replenishment is
triggered. Note that kanbans are always integers (there is no such thing as V2 a kanban card) so
the calculated amount of cards is always rounded up to the next highest integer. For information
on calculating the number of move and production cards required in a 2-card system (which will
not be used at the Broad Institute) under the same assumption, see the excellent article by
Miltenberg and Wijngaard, "Designing and phasing in just-in-time production systems."
For a more visual approach, inventory buildup diagrams may be used.28 Buildup diagrams make
determining buffer sizes simpler, and allow the user to take into account production in batches.
They are also useful when production occurs on different shifts; for example, Broad's detection
area operates on a seven day, 24-hour schedule; the area that supplies detection (ethanol
precipitation) runs on a 5-day, 8-hour schedule. In this case, calculations must be made to
determine when material will arrive to and be used from the buffer directly in front of the point
of use. A buildup diagram is then generated, and, based on the maximum inventory in the buffer,
the number of kanban cards can be determined.
28Source: HBS Case "National Cranberry Cooperative."
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An example best illustrates the concept. We will assume that di = 10 units/hour, si = 20 units/ 2
hours (i.e., batch size is 20 items), ci = 10, tl = 1 hour, and t2 = 1 hour. If we use the calculation
in Equation 4, and make the incorrect assumption that si is 10 units/hour, we would calculate that
we would need four kanban cards, or a maximum of 40 items in the system. A buildup chart of
this same situation is made using the following table. Note that supply of the part does not arrive
until the end of Hour 6; this takes into account that there were two hours of production used
before the replenishment process started, one hour to transfer the cards, two hours to produce the
new units, and one hour to transfer them to the use area. Buffer quantity in period i is defined as:
Buffer Quantityi = Buffer Quantityi,_ - Use Ratei-, + Supply Ratei-1 (Equation 5)
Table 1. Buildup Diagram Example.
Hour
1 2 3 4 5 6 7 8
Buffer Quantity (Beginning of Hour) 40 30 20 10 0 -10 0 -10
Use Rate 10 10 10 10 10 10 10 10
Supply Rate 0 0 0 0 0 20 0 20
Figure 43. Buildup Diagram Example.
As we can see from Figure 43, our calculation of four Kanban cards will not work in this system;
it would actually take six kanban cards to avoid running out of units. (The buffer should never
drop below 10 units at the beginning of the hour.) Equation 4 can be reworked to account for
batches, yielding Equation 6 below:
k= max2, ROUNDUP( (max(citb/b, , tb )+ t + t2 )di
C. + max 1, ROUNDUP( J (Equation 6)
where:
tb = time to make one batch of units in the production area
bi = batch size in the production area
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This equation takes into account multiple possible scenarios; now, the time it may take to
generate one kanban of units can be tb, if ci < bi, or it can be ci *tb/bi if ci > bi. The number of
units used before replenishment is triggered has also changed; if ci > bi, replenishment will start
immediately after one kanban is used; however, if ci < bi, then multiple kanbans will be used
before the replenishment process is started. Note that this equation yields the correct number of
kanban cards for the batch scenario given above.
Equation 6 does not, however, take into account non-linear systems or systems with varying
shifts; in these cases, it is easier to utilize a buildup diagram. However, as systems get
increasingly complicated, it becomes necessary to use different tools. Large, non-linear systems,
especially those which make use of a single tool for multiple processing steps (such as a
stamping machine in an auto plant, or a centrifuge at the Broad Institute) can make calculating
accurate kanban sizes extremely difficult without the aid of computer simulation. Commercial
discrete events simulators, such as Simul8@ (Simul8 Corporation, www.simul8.com), allow
extremely complex systems to be modeled in order to take account of these factors and others.
For instance, the simulators can cope with varying cycle times, production rules, prioritization,
changeover times, reliability, and batching.
Discrete event simulators work by tracking, based on a clock, the progress of individual items
(production units) through a process defined by the user. The example below best illustrates the
point. When the simulation starts (8:00 AM) there are twenty items ready to be run, and one
enters Process 1. The clock progresses ten minutes (8:10), and that item leaves Process 1 goes
through the empty buffer, and enters Process 2. At the same time, a new item leaves Buffer 1
and enters Process 1. The clock progresses ten more minutes (8:20) and an item leaves Process 1
(and a new one enters). The item leaving must wait in Buffer 2 because one item is already
being processed in Process 2. The simulator continues in this manner until the clock stops at
2:50 (it took Process 2 six hours and forty minutes to process twenty items, and that process did
not start until 8:10).
Buffer 1 Process 1 Buffer 2 Process 2
Buffer Size at 8:00 AM: Cycle Time: 10 minutes Buffer Size at 8:00 AM: Cycle Time: 20 minutes
20 items Start Time: 8:00AM 0 items Start Time: 8:00AM
Shift Length: 8 hours Maximum Capacity: 10 Shift Length: 8 hours
items
Figure 44. Discrete event simulator example.
This example also illustrates how it is possible to size kanbans. If a kanban card represents a
single item, then there are ten kanbans in the system, as Buffer 2 can only hold 10 items; Process
I is only allowed to run if there are 10 or fewer items. In this simple example, assuming that
transportation time between the two areas is nil, there would only need to be two kanbans to keep
Process 2 running (the Buffer 2 maximum capacity would be two items). In a more complicated
simulation, it becomes necessary to add kanban feedback loops to the simulation to account for
kanban card transport time and the buildup of materials in intermediate buffers. Then, the
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number of kanban cards can be varied in the simulation until process requirements are satisfied.
For instance, at the Broad Institute, there is a requirement that the buffer before the bottleneck
(detection) is never emptied. However, it is important to minimize this buffer to reduce the cycle
time of the process. Kanban levels are therefore varied to minimize the buffer while ensuring a
steady supply of plates to the process.
All of these tools allow companies to determine the minimum number of kanban cards required
to keep a system running; however, when most companies start using pull production, they put a
safety factor in the number of kanbans. For instance, the company can pick an arbitrary safety
margin, such as a 50% increase in the number of cards in each loop. Or, they can choose to have
a large safety margin on inexpensive inventory, and a much smaller one on expensive inventory.
Over time, as the system stabilizes and is improved, kanban cards can be removed to reduce
inventory levels.
8.5 Buffer/Kanban Sizing at the Broad Institute
Simul8 was used to size the kanban loops within Broad's process, primarily because the
simulation could easily handle batching and a wide variety of processing rules that were more
difficult to calculate for use in a buildup diagram. Two simulations were run: one for a
CONWIP process, and one with three separate kanban loops for Picking, TempliPhi, and
Sequencing. In both cases, the Detection area was the bottleneck for the process. Simul8
graphics are shown below for each model, and a detailed description of the models is given in
Appendix D.
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Figure 45. CONWIP system model at initialization.
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Figure 46. Kanban system model at initialization.
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In the CONWIP model, a set number of kanban cards were used to initialize the system. The
number of initializing cards was then varied until the buffer before the Detection area was
minimized but still above zero at all times during steady state. In the Kanban model, the Picking
and TempliPhi kanban loops were initialized with a large number of cards, and the Sequencing
kanban loop was optimized to minimize the buffer before Detection, as in the CONWIP model.
Then, the TempliPhi and Picking loops, in that order, were adjusted downward until they reached
a level where they would sustain, but not decrease, the Detection buffer. The minimum number
of kanban cards is shown in Table 2 below; if fewer cards are used, the Detection area would
have an inadequate number of plates to cover the weekend.
Table 2. Minimum number of kanban cards per model.
Glycerol Kanban TempliPhi Kanban Sequencing Kanban
Cards Cards Cards
Kanban Model 275 550 2200
CONWIP Model N/A N/A 4280
While a formal validation of the model has not been possible due to delays in getting an
electronic kanban system started, analysis of cycle times has shown the model to be relatively
accurate. Various key work centers in the process have also been checked, to ensure that work
start and end times approximately match reality. Once an electronic system is in place, the
model can be validated by checking the levels of the predicted and actual buffers over the course
of the week.
Both simulations were allowed to "warm up" without collecting data for 20,000 minutes to
enable them to reach steady state; once at steady state, they were run for an additional 60,000
minutes. The results, shown below, are quite interesting. In all cases, the system with three
separate kanban loops outperformed the CONWIP system. There is a reasonable 200 minute
decrease in the Detection buffer; this buffer has a significant impact on overall product quality.
Table 3. Simulation output.
CONWIP Kanban
Average Std. Dev. Average Std. Dev.
Time in TempliPhi Buffer (minutes) 151 272 84 71
Number in TempliPhi Buffer 38 N/A 21 N/A
Time in Sequencing Buffer (minutes) 240 147 208 149
Number in Sequencing Buffer 61 N/A 53 N/A
Time in Detection Buffer (minutes) 1907 860 1698 987
Number in Detection Buffer 942 N/A 864 N/A
Overall Time in Simulation 7368 1258 7250 1199
That said, the data does raise a question as to whether or not the complication of a system with
three kanban loops is necessary. The figures below show the predicted quantities of plates in the
Detection queue; the tallest peaks occur on Fridays at the end of the day and the rapid decrease in
inventory occurs over the weekend while the bulk of the operation is shut down. Due to the
dynamics of the process, the CONWIP system does a relatively good job of holding inventory
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down in the early parts of the week. Inventory only spikes on Thursdays and Fridays;
consequently, waiting time has a lower standard deviation in the CONWIP model. In the kanban
model, inventory increases at a relatively steady rate, which leads to a slightly faster average
time, but with slightly higher variation.
Figure 47. Quantity of plates in Detection buffer over time in CONWIP model.
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Figure 48. Quantity of plates in Detection buffer over time in Kanban model.
At Broad, the kanban system was chosen over a CONWIP system not only because it allows for
slightly lower inventory, but also because it allows for more localized control. In the event that
there is an issue with capacity in an area, such as a machine breakdown or upcoming holiday, it
is simpler to adjust smaller kanban loops than to adjust a large CONWIP system, primarily due
to the larger delay in a CONWIP system. Target buffer sizes were chosen based on the comfort
level of the supervisors in each area, taking into account the minimum possible buffers.
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9 Pull Production System Implementation and Results
Once the kanban production control system is chosen and sized, it must be implemented-and
this is the most difficult part of the process. Broad's implementation was iterative, and took
place over the last half of the internship. After starting with a trial paper card system, an
electronic system was designed. This system is in the process of being installed, and should be
operational by the release of this thesis. In concurrence with the implementation, a general effort
was made to adjust work practices in the areas to allow the Institute to decrease its buffers. The
preliminary results of this work are also covered in this chapter.
9.1 Implementation Strategy
Despite the overwhelming success of pull-production in many industries, most companies
continue to rely on schedule-based manufacturing. Certainly, making the switch to a pull-based
system, especially when dealing with multiple vendors in far away locations, can be a
challenging task. The following steps are one approach to implementing a pull kanban system in
a manufacturing organization.29
1.) Size the kanbans correctly given current operational conditions. While current
operational conditions may not be ideal, the goal is to not overly strain the system at one
time. Using existing operating conditions reduces the likelihood of failure because
excess inventory will be in the process, and workers will be allowed to comfortably
adjust to the kanban system. Thus, sizing should take into account slow changeovers,
inefficient batching, lost cards, etc.
2.) Adjust lot/container kanban sizes to simplify the system. Containers should be large
enough to hold a maximum of one shift worth of production, and no more. The goal is to
minimize the amount of inventory needed in the production area to reduce clutter and
confusion, and ensure that parts are used on a timely basis. Ideally, if the company
utilizes dedicated material handlers, only enough material should be on the floor to
maintain production in between their visits to the area.
3.) Make kanban signals visual. It should be apparent to everyone-supervisors, workers,
and visitors-that there is work to be done. Cards should be printed on bright paper, and
be visible to passer-by, not tucked in an envelope. Locations where material is stored on
the floor should be clearly marked with the item's name/barcode and quantity. Use lights
to signal material handlers when more material is needed. The more transparent a system
is, the more likely it is to be used, as people will be visibly accountable for the work.
4.) Develop system "rules." Determine, among other things, who is responsible for moving
materials, how work will be prioritized, and who to go to when there is problem. Unless
something is written down in a clear and concise manner, it is unlikely to be followed.
29 Source: Gross, J. "Implementing successful kanbans."
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5.) Train the users. Ideally, the users should be trained on-site in a dry run of the actual
process. This will allow them to ask questions about how the system will work, and will
also highlight many potential problems with kanban sizing and work flow; after all, the
workers are closest to the work.
6.) Put an audit system in place. Regular audits should be used to ensure that materials are
delivered promptly, kanbans are sized correctly, and cards are not being misplaced. Note
that this is an opportunity for dialogue about the system, not one-way communication.
7.) Develop a continuous improvement plan to reduce inventory. Once the system has
stabilized, kanban cards should be removed to reduce WIP on the floor.
Above all, it is important to keep communication open during the process; switching to a pull
system can be difficult for workers and managers alike. Expect to encounter some difficulties,
and be flexible adjusting kanban quantities to cope with operational changes.
9.2 Implementation Execution
Initially, a card-based system at the Broad Institute was implemented to help control the flow of
plates through the operating area. The system was a modified 1-card system, with cards that
were kept on the refrigerator doors, instead of traveling with the plates. The decision to do this
was due to a few reasons. One, it was difficult to determine what cards would be capable of
surviving the rapid temperature swings that the plates go through, transitioning between 250C
and -800C. Two, the racks that the Institute uses to transport plates can hold roughly 80 plates,
meaning that some areas run only five racks per day; this "batch" size was too big to allow for
steady inventory reduction. Finally, having the cards outside the freezer allowed for some
special flexibility that was needed to cope with the different shift schedules used in production.
The last issue was the most important. As was discussed above, one of the critical buffers that
was to be managed was at the end of the process between Ethanol Precipitation, which works a
5-day shift, and Elution, which works a 7-day shift. If a normal kanban system was installed,
workers in Sequencing would see a large demand for work on Monday, which would drop
throughout the week; this would lead to higher levels of inventory in the buffer than were
necessary. The goal was to smooth production over the course of the week, or to ramp
production at the end of the week. If it was physically possible, production on Fridays in the 5-
day operation would be three times normal production, in order to cover the 7-day demand over
the weekend.
At this point in the process, steps 1-3 had been accomplished; kanban sizes were established
using Simul8, a lot size of 10 plates was chosen (arbitrarily), and a visual method of displaying
the cards was used. The system, shown below, involved four envelopes on the door of the
freezer between Ethanol Precipitation and Elution. This system fulfilled step 4, developing
system rules.
Cards (shown in red in the diagram) were placed in each envelope, representing a given number
of plates that were in each stage. As plates were removed from the freezer by Elution, cards
would be moved from the "In Buffer" envelope to the "To Be Produced" envelope, unless the
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plates were removed on the weekend. In this case, the cards would be transferred to the
"Weekend Production" envelope. Each day, Sequencing would remove all of the cards from the
"To Be Produced" envelope and 1/5th of the cards from the "Weekend Production" envelope,
start work on those plates, and place the cards in the "In Process" envelope. The cards from the
"In Process" envelope would then be moved to the "In Buffer" envelope when work was
completed on the plates they represented. Flow of cards is shown with arrows in the diagram. In
this way, the plates used by the Elution area during the weekend would be gradually replaced
throughout the week.
Figure 49. Proposed Broad card system.
Once the system was set up, the operators and supervisors were quickly trained on how and
when to move the cards. This was done on the operating floor. Each team involved in the initial
test (in between TempliPhi and Sequencing) was walked through the process, and a brief
description of the system was handed out to use as a reference.
The system was audited every day, and it was discovered that there were some problems with the
implementation. Unfortunately, not having the cards attached to the transfer racks led to one
major issue: people frequently forgot to transfer cards. This meant that the envelopes had to be
regularly corrected, which defeated the purpose of the system. With only a few days of
inventory (or less) in between each operating area, any mistakes in card movement would rapidly
cause the system to fall apart. Because multiple attempts to fix this did not work, a decision was
made to transition to a more accurate electronic system which would allow for a batch size of
one plate, and would rely on the bar code system already in use at the Institute.
9.3 Electronic Kanban Implementation
Given the barcoding system at the Broad Institute, it is relatively easy to install an electronic
kanban system for single piece flow. As each plate enters a piece of equipment with any robotics
on it, it is scanned and a time stamp is entered into a database. By querying this database on a
regular basis, the user is able to get an accurate, near-live picture of the system. The electronic
kanban system at Broad, which should be operational by the time this thesis is published, is quite
simple in nature. The system allows the users to set target buffer sizes, which is, in essence, the
equivalent of setting the number of kanban cards necessary to maintain a system. The system
then tracks the actual number of plates in the buffer; when an area downstream removes plates,
the "actual" number is indexed down; when the upstream process creates more plates, the
"actual" number is indexed up. The difference between actual and target buffer size is demand.
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For example, if the actual buffer size is 10 plates fewer than the target buffer size, the area
upstream of the buffer has demand for 10 plates.
The system at Broad will have two levels of users. Operators will have access to screens on the
internal web at the Institute, which will show them the actual and target levels for the buffers in
the process. A decision was made to allow all of the operators to see demand throughout the
process, so that they will be able to judge if there were any major problems on the horizon.
Supervisors will have access to a secondary screen on the web site that will allow them to adjust
buffer targets for changes in capacity or schedules. They will also be able to manually correct
the "actual" buffer numbers in the event that a machine stops reporting, there is an error in the
system, etc.
The system will also correct for side processes at Broad. Because the Institute does research
along with DNA sequencing, plates are constantly being added to the process at various points
by different labs. Plates can also be dropped or ruined in other ways. The system will be set up
to recognize these issues as plates are registered into the process or deleted from the system.
Also, weekly or bi-weekly audits will take place to verify that buffer levels are accurate and up-
to-date.
The choice of an electronic kanban system does make visual control slightly more difficult, as
the operator is required to log on to a system to check demand for more work. However, as
plates are typically released 5-6 times per day, this step should not add a significant amount of
complication. Once the system is installed, a continuous improvement plan will be put into
place to continue to reduce the inventory in the system.
9.4 Process Changes and Results
This section covers the improvements to date in the Broad process. The changes are mainly
based on modifications in batching and work flow; installing a kanban system will help to further
reduce inventories, and stabilize the system.
9.4.1 Inoculation to TempliPhi Addition
Reducing the time that plates spent in the TempliPhi process after the oven step was relatively
simple. Prior to the change, plates would start through the process when the first operator
arrived, before the TempliPhi addition machines were started by the second operator.
Consequently, there would be a long delay after inoculation occurred and the plates were sent
through the oven. The daily work for the first operator was changed so that plates would not be
started through the process until all of the equipment was functional; this allowed the average
wait time to be reduced by over three hours, and greatly reduced the variation in the process, as it
was more likely to operate in a FIFO manner.
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T-Phi Cycle Time
Figure 50. TempliPhi process cycle time, before and after changes.
9.4.2 Elution to Detection Buffer Reduction
Buffer reduction in the detection area took place over a one week period, to reduce the likelihood
of handling errors. Prior to the change, elution took place only in large batches. Typically, an
operator would process enough plates during the afternoon to allow the graveyard operator to
restock a set number of detectors during the night shift. The night operator would run another
large batch at roughly 11:00PM, which would be available to the operators on day shift. Each
operator, be they on days or nights, was responsible for a specific set of machines; they handled
changing fluids, emptying plates, and loading new plates, as well as monitoring the machines for
maintenance problems. Consequently, each detector was only loaded with plates once per day;
the bulk of the detectors were loaded at 11:00AM with plates that were eluted the night before at
11:00 PM.
The first step towards a new process was to change the elution schedule so that plates were
eluted in smaller batches. Before each elution, the number of plates on each machine is counted.
Operators know how many plates must be on each machine in order for that machine to run until
the next loading cycle, even though there is some variation in run time on each detector. This
number of plates is eluted during the cycle, and then loaded on the detectors at a specific time by
whatever operators are available; operators are responsible for loading all machines, instead of
specific groups of machines.
Due to staffing schedule restriction, three cycles per day are performed. At 1:00PM, 5:30PM,
and 5:30AM, the plates on each machine are counted to determine the quantity needed in the
next elution run. Plates are then gathered, and loaded on the machine starting at 7:30AM,
3:00PM, and 9:30PM. This puts the bulk of the work on the day shift operators, as there are
more operators available during the day shift to monitor the elution and detection processes.
Ideally, as shifts change in the future, Broad will be able to start running four or more batches
per day. The IT department is also working on a solution to end the necessity of counting the
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number of plates on each detector; as each detector finishes a plate, it will send a kanban signal
to the operator, flagging them to elute plates for that machine in the next cycle.
Figure 51. Elution to Detection process cycle time, before and after changes.
9.4.3 Overall Cycle Time Reduction
Broad is currently in the last stages of implementing a pull electronic kanban system. The goal
of this system will be to allow the Institute to approach a theoretical average cycle time of
roughly five days through the process. This will involve continuously decreasing batch sizes and
buffers in the process. However, the work already completed has had a significant impact on the
cycle time through the process; the figure below shows the overall cycle time reduction from
Picking through Detection, and the figure below that shows the cycle time reduction from
TempliPhi addition to Detection. The latter figure is the most important, as it is in these
processes where the DNA has the highest level of degradation.
Figure 52. Overall cycle time through Core Sequencing and Detection.
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Inoculation to Detection Cycle Time
Figure 53. Cycle time from Inoculation to Detection.
It is also easy to see in Figure 53 how close the Institute is to achieving its goal of a five day
cycle time through the process. Considering that the Picking area only adds one day to the cycle
time, and the average time cycle time is at roughly six days from Inoculation to Detection, the
process has a current cycle time of seven days. As the Institute continues to focus on the causes
of buffers, such as machine breakdowns and variability in yield in the MBPG area, the buffers
can be further reduced.
9.4.4 Quality Improvement
One of the difficulties of implementing changes in Broad's process is that due to a number of
compounding factors, it can be hard to determine the impact of the change. Daily variations in
chemistry, libraries, and even the work environment can affect the data. That said, the data
gathered on process improvements from this thesis was quite favorable. The data for the single
library that crossed over the change in the TempliPhi area showed an improvement in average
Q20 from 632 to 646; other quality data for this change is given in Appendix E. Intensity and
read length also showed improvements, although sequencing pass showed a slight unexplained
decrease.
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Figure 54. The impact of TempliPhi changes on Q20.
Unfortunately, during the period when changes were being made in the Detection area, quality
was negatively affected by a lot of bad TempliPhi reagent. Because of this, no reliable quality
data was collected, and we must therefore rely only on the predicted quality increase from the
initial buffer analysis.
9.4.5 Cost Improvement
Using the data gathered above, it is simple to evaluate the economic impact of the project to date.
In the case of the TempliPhi area, there are two possible ways to do the calculation: using bulk
data on the cycle time improvement through the area (Figure 33 and Equation 2), or direct
quality improvement (Figure 54). For the improvement in detection, the cycle time reduction
must be used, as there is no direct quality data.
TempliPhi Savings (Cycle Time Improvement):
0.184(3.94 hrs*60 min/hr - 0.55 hrs*60 min/ hr)* 109,000,000 reads/yr*$1/1000 Q20s = $4.1MM
TempliPhi Savings (Direct Quality Improvement):
(646.629 Q20s/read -632.714 Q20s/read)* 109,000,000 reads/yr*$1/1000 Q20s = $1.5MM
Detection Savings (Cycle Time Improvement):
0.327(30.96 hrs - 11.23 hrs)*109,000,000 reads/yr*$1/1000 Q20s = $0.7MM
Unfortunately, it is difficult to determine which calculation for the TempliPhi area is correct.
The calculation using cycle time relies on a linear approximation of an extremely large data set,
while the direct method relies on only a few thousand data points from a single library. Due to
large changes in process conditions that took place during the internship, comparing aggregated
data from before and after the change is not feasible; quality improvement or degradation due the
change would be impossible to prove. Regardless of this, however, the Institute is certainly
pleased to have saved somewhere in the range of $2.2-4.8MM.
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10 Cultural Considerations of Lean Implementations in a
Lab Environment
While lean concepts can be implemented in almost any type of organization, each
implementation faces unique barriers, and has unique benefits. Working with the company
culture-as opposed to against it-is critical to both the speed and impact of any implementation.
10.1 Benefits/Points of Leverage in a Lab Environment
In many ways, driving change in a lab environment is simpler and faster than in a traditional
manufacturing environment. This is due to a number of factors, from the educational level of
employees, to the flexibility of the equipment/process.
One of the great benefits of a research/academic culture is that employees tend to be highly
educated and well adapted to dealing with data. Consequently, the process of justifying a lean
initiative can be relatively simple. Fairly complex statistical analyses and simulations can be
used to prove the efficacy of any change. Employees will be able to utilize this data to grasp the
obvious benefits of the lean system, and will be able to quickly adapt the system to use in their
environment. For instance, I was able to show operators at Broad statistical data from an
ANOVA analysis of product quality for various delays in their area and the statistical
significance of that delay; they immediately understood the quality (and cost) implications of the
data and were able to make a change in the process the following day.
In general, people operating in a research environment also tend to be intellectually curious.
They are more willing to try different techniques and systems, because their typical work is
inherently variable. Almost any change can be sold to the organization as a temporary
experiment, not unlike the many other, more traditional experiments they are conducting. After
the system is implemented, it can be analyzed; if it works, a new standard is born, and the next
experiment can be started. One good example of how this worked in our favor at the Broad
Institute was the implementation of the kanban system. Originally, a manual card system was
tried. When we found some issues (mainly organizational) with the system, the operators
worked with me to specify an electronic system that would meet their needs.
Finally, it is important to note that there is usually a low downside to implementing lean in a lab
environment. Because equipment is often multi-functional and quite portable, changes to the
process can be made very easily. Consequently, if a change is made and does not improve the
system, the change can be undone easily. We were able to move centrifuges, multimeks, and
equators in the span of a few hours with minimal changes in utility connections. Contrast this
with an auto assembly plant, where building a lean line as an experiment will run into the
hundreds of millions of dollars.
10.2 Potential Issues of Implementing in a Lab Environment
There are, however, some pitfalls to implementing lean in a lab environment. Lean has not
penetrated research and academia to the same extent as it has in other industries. It is therefore
more difficult to find examples of implementations that can be directly reapplied. Also, people
are somewhat more hesitant to try something that hasn't been tried somewhere else first. It is
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therefore all the more critical to give people data on how lean can impact their processes, as
discussed in the above section.
The next issue in lab environments is that processes tend to change frequently. At the Broad
Institute, for example, the Sequencing process is replaced on a bi-annual basis. This means that
any changes to the initial process must be both simple and cost-effective. It also means that
people within the organization must understand the principles behind the implementation, as they
will have to take these principles into account when new processes are installed. Much of the
time implementing the project at the Institute focused on ensuring that this knowledge transfer
was taking place.
The final key problem with implementing lean in a lab culture is that, compared to new research,
lean just isn't that exciting. Researchers enjoy, and are rewarded for, working on The Next Big
Thing. Lean isn't necessarily about making radical changes, and it certainly isn't cutting edge; it
was, after all, "invented" in the 1970's. It is therefore important for management to prioritize the
lean implementation, and reward workers for their improvements. While lean may not lead to
the next big thing, it will reduce the time that it takes to do research, and should decrease the cost
of that research. The Broad Institute has started a six sigma program to train workers and
managers alike with the tools necessary for continuous improvement. This training has helped
re-focus some workers on their own processes, and made it easier to align the organization
behind the changes proposed in this thesis.
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11 Future Areas of Focus for the Broad Institute
While the Broad Institute has succeeded in many areas, and continues to lead its peers in
providing high-speed, low-cost genome sequencing, there are still areas which could use some
improvement to bring it up to the standards of manufacturing in other industries. The two areas
that would have the most impact on cost of sequencing are Statistical Process Control, a tool
used in many industries, and a focus on rapid data feedback to the planning organization. As
competition in this arena increases with improvements in technology, the Institute will also have
to adopt a more rigorous focus on cost control.
11.1 Statistical Process Control
One of the biggest issues in the current process is that there is no real quality feedback until the
end of the process. Oftentimes, when a problem is found by the detectors, it is too late to do
something about it. The limited testing in-process is focused on detecting gross pass/fail type
problems, such a bleach entering the process in the TempliPhi area. In this case, no reaction will
occur, and the PicoGreen test will detect the problem. Unfortunately, this test, which is the only
in-process test that currently could be used for some kind of SPC, is a rather poor indicator of
end-process quality (see Figures 55-58 below for the correlation between PicoGreen reported
DNA quantity and end-process quality for 75 plates). It was for this reason that the testing was
moved until after product was released to the Sequencing area; the odds of testing detecting any
problems was remote.
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Figures 55-58. Correlation between PicoGreen test and end-process quality.
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Ideally, a test should be used to "trim" the process to meet certain in-process quality goals. In
other words, the process should react to changes in quality immediately after receiving the data.
As it stands now, there is no feedback loop in the system; all reaction volumes and times are
fixed, regardless of changes in quality. If possible, a new test should be developed to provide
more rapid feedback to the process, and control strategies should be put in place to react to test
data; for instance, if the DNA concentration detected in process samples is consistently low after
the TempliPhi area, an increased quantity of TempliPhi should be used in each plate.
11.2 Feedback from Genome Assembly
The second area of improvement relates to the reduction in cycle time. Currently, plating in
MBPG is done based on expected yields in the Picking area, and on the "coverage" needed for a
given genome. Coverage refers to how many times a given region needs to be sequenced to
allow for relatively error-free assembly. Many of these decisions are based on sparse data from
"test" plates that are run through prior to running the whole genome. Consequently, some
projects end up with too much coverage, or plates are stored in buffers along the way to
determine if they will be needed later. This causes extra money and time to be spent
unnecessarily. Because feedback time is faster, the Broad should be able to better adjust the
work flow through the system; if assembly is progressing well on a given project, it may be
possible to reduce the coverage and process fewer plates.
11.3 Focus on Cost Reduction
The final recommendation is to have a stronger focus on the monetary impact of decisions.
Cost/Benefit analyses, at least in my experience, are not currently used. New equipment
purchases and staffing decisions do not have to be justified to stockholders or owners;
consequently, there is not motivation for incremental cost reduction. This often drives the safest
decision, as opposed to the most economical one. For instance, extra equipment is usually
purchased in case a piece of equipment breaks down, despite the fact that both the likelihood of a
breakdown and the utilization are relatively low. Ideally, each decision would be made with a
view towards the impact on cost/read. If buying new equipment reduces cost/read, then it by all
means makes sense to purchase it; if not, the money should be put to other uses.
It is important to note that there needs to be a focus on cost reduction from the top of the
organization to the bottom. Operators should understand how their decisions impact Broad's
bottom line; this means understanding the cost of the materials they use, and the impact that
quality has on the Institute's economics. As part of work involved in this thesis, operators were
shown the cost and quality impact of the way work was routed through their process; this
motivated them to help determine ways to change the work flow and their shift structure to
improve the process. Interestingly, they had never been given cost-of-quality data before.
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12 Conclusions
By utilizing lean tools, including kanban and 5S, significant improvements were realized at the
Broad Institute. The reduction of WIP in the system drove cycle time down dramatically. This
led to improvements in quality, reduction in cost, and an increase in the speed that critical data
can be delivered to research institutions around the world. The project and thesis led to a number
of conclusions on how lean manufacturing can be implemented in a lab/academic environment,
which are detailed below.
Lean is applicable to a wide variety of manufacturing environments. While many people
would see the value of 5S in a lab environment, the importance of a focus on inventory reduction
using kanban systems is less apparent. As this thesis has shown, it may be even more critical to
have inventory control systems in a lab environment than in a normal manufacturing
environment. Inventory control allows the facility to efficiently release work to minimize wait
time, thereby decreasing degradation of products and costly side reactions. At Broad, the
reduction of inventory led to millions of dollars in savings due to quality improvements; this
savings dwarfs the direct economic benefits of reduced inventory.
Process data is valuable only if it is used on a regular basis. Broad, like many organizations,
has reams of data available for analysis. Unfortunately, this wealth of information is accessed
only on an occasional basis, typically for troubleshooting of process issues. While the data is
certainly useful for troubleshooting, it can also used for statistical process control and process
improvements. By analyzing the data, I was able to determine the quality impacts of various
batching and operational decisions, using extremely simple statistical tools.
Involvement is truly "the wind that fills the sails." A lean manufacturing implementation
without the support of the people working on the operating floor is doomed from its inception.
At Broad, operators provided critical information on work flows and process operation. Without
these insights, many of the flow issues in the process would not have been found, and the
movement of equipment would have resulted in a much less efficient system.
It is important to find the cultural drivers very quickly. Most companies are relentlessly
driven by the bottom line. However, not all corporate or local cultures are driven by the pursuit
of profits. The internship was able to progress quickly only when I determined that quality, not
cost, was the motivating driver in Broad's culture.
Sizing a Kanban system is part art/part science. There are multiple ways to size a kanban
system, depending on the complexity of that system and the designer's understanding of that
complexity. Understanding how work is released and batched can have a large impact on the
number of kanban cards needed in a given system. As the system becomes larger and more
complex, more complex tools/models are needed in order to accurately determine the number of
kanbans; the simple available equations are just not adequate.
Kanban systems are not always the most efficient option. Although a CONWIP system was
not chosen for the Institute due to some unique process issues, it was surprising to see how
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efficient the CONWIP system was in relation to a kanban system. In many industries it may be
more effective, and certainly much simpler, to install a CONWIP system. Inventory will be
higher, but the ease of implementation and maintenance of the system may make this worthwhile.
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14 Appendix A: Impact of Wash Bath Cleanliness
During the 5S implementation in the sequencing area, it was noticed that the multimeks' water
baths had a significant amount of biological growth. Lechmere (a multimek) was cleaned, while
Science (another multimek) was not, to see if the cleaning would have any impact. Although it
is difficult to prove an improvement in this system because of a number of complicating factors,
a statistically significant improvement was shown in sequencing pass rate. Q20 and Intensity
also improved, although because the two stations showed significant differences before the test,
it is not clear if this improvement is due to differences between the stations or the test. Certainly,
Q20 and Intensity appeared to have a larger percent improvement on Lechmere than on Science
during the same time period.30
Table Al. Quality impact of bath cleanliness.
Lechmere Science Lechmere
Seq. Pass Seq. Pass Q20
Before 0.927 0.925 668.6
After 0.912 0.913 653.6
% Chance 1.64 1.31 2.29
Science
Q20
656.4
648.9
1.15
Lechmere
Intensity
970.3
854.5
13.55
Science
Intensity
782.7
729.5
7.29
LECHMERE AFTER LECHMERE BEFORE SCIENCE AFTER SCIENCE BEFORE Each Pair
Student's t
0.05
Figure Al. Q20 comparison of Lechmere and Science.
Table A2. Means comparisons for each pair using Student's t.
Level Mean
LECHMERE AFTER A 668.62062
SCIENCE AFTER B 656.37130
LECHMERE BEFORE C 653.58142
SCIENCE BEFORE D 648.93897
*Levels not connected by same letter are significantly different.
Level - Level Difference Lower CL Upper CL p-Value
LECHMERE AFTER SCIENCE BEFORE 19.68165 17.25218 22.11111 2.047e-56
LECHMERE AFTER LECHMERE BEFORE 15.03920 12.59283 17.48556 2.576e-33
30 Data gathered from a single large library (G778P2) from 7/12-7/21; data with Seq. Pass <0.708 cut.
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Level
LECHMERE AFTER
SCIENCE AFTER
LECHMERE BEFORE
SCIENCE AFTER
- Level
SCIENCE AFTER
SCIENCE BEFORE
SCIENCE BEFORE
LECHMERE BEFORE
Difference
12.24931
7.43233
4.64245
2.78988
Lower CL
9.67128
4.93582
2.28215
0.27692
Upper CL
14.82735
9.92884
7.00275
5.30284
Figure A2. Sequencing Pass comparison of Lechmere and Science.
Table A3. Means comparisons for each pair using Student's t.
Level
LECHMERE AFTER
SCIENCE AFTER
SCIENCE BEFORE
LECHMERE BEFORE
Mean
0.92794438
0.92507947
0.91385386
0.91244686
*Levels not connected by same letter are significantly different
Level
LECHMERE AFTER
LECHMERE AFTER
SCIENCE AFTER
SCIENCE AFTER
LECHMERE AFTER
SCIENCE BEFORE
- Level
LECHMERE BEFORE
SCIENCE BEFORE
LECHMERE BEFORE
SCIENCE BEFORE
SCIENCE AFTER
LECHMERE BEFORE
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p-Value
1.373e-20
5.4551e-9
0.0001160
0.0295612
.1
0.9 -
0.8-
0.7
Student's
Sequencing Reaction Station 0.05LC IIEE E IICMF~B FR I IENEFE SCECBFR Iah~i Stud ent's t
Sequencing Reaction Station 0.05
Difference
0.0154975
0.0140905
0.0126326
0.0112256
0.0028649
0.0014070
Lower CL
0.013126
0.011735
0.010196
0.008805
0.000366
-0.000881
Upper CL
0.0178691
0.0164458
0.0150688
0.0136459
0.0053642
0.0036952
p-Value
2.107e-37
1.2e-31
3.318e-24
1.073e-19
0.0246611
0.2281225
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LECHMERE AFTER LECHMERE BEFORE SCIENCE AFTER
Sequencing Reaction Station
SCIENCE BEFORE Each Pair
Student's t
0.05
Figure A3. Intensity comparison of Lechmere and Science.
Table A4. Means comparisons for each pair using Student's t.
Level
LECHMERE AFTER
LECHMERE BEFORE
SCIENCE AFTER
Mean
970.25825
854.46276
C 782.72064
SCIENCE BEFORE D 729.53417
*Levels not connected by same letter are significantly different
Level - Level Difference
LECHMERE AFTER SCIENCE BEFORE 240.7241
LECHMERE AFTER SCIENCE AFTER 187.5376
LECHMERE BEFORE
LECHMERE AFTER
LECHMERE BEFORE
SCIENCE AFTER
SCIENCE BEFORE
LECHMERE BEFORE
SCIENCE AFTER
SCIENCE BEFORE
124.9286
115.7955
71.7421
53.1865
Lower CL
226.3447
172.2789
110.9586
101.3161
56.8685
38.4103
Upper CL
255.1035
202.7963
p-Value
1.01e-229
2.51e-126
138.8986 3.019e-68
130.2749 4.955e-55
86.6157 3.618e-21
67.9627 1.782e-12
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15 Appendix B: 5S Audit Form
I55 Master Checklist - Production Sequencing Group E~~S9A
December 2005
# Check Item
1 Matenal and parts
2 Mac hines and other equipment
0
3 Pipettes, tools, and fixtures
Cn 4 Red tag procedure
5 Locationlitem labels
2 6 Notebook•paperwork areas
i. 7 Quantity indicators
S Walkways storage areas, and in-processP 8 inventory areas
9 Equipment and lab coat arrangement I
organization
10 Waste, water, or tips on floors
11 Bench / equipment cleanliness
o 12 Equipment inspection/maintenance
S13 Wires power cords / cables
14 Standards protocols
15 Roles posted
C
16 information
17 Work environment
18 Audits
19 Awareness of standards I protocols
20 Following protocols & standards
Section: Sequencing
Scored By:
Date:
Description
Does the inventory or in-process inventory include any
unneeded material or broken parts?
Are there any unused machines or other equipmeont
around?
Are there unused pipettes, tools, or similar items
around?
Are red tag procedures followed?
Are shelves and other storage areas labeled correctly
and clearly?
Are lab notebooks, fling cabinets, and paperwork areas
organized/tabeled?
Are the target andlor max-min quantities indicated on all
consumable materials? Are quantities followed?
Are lines or other markers usedto clearly indicate
walkways and storage areas?
Are equipment, pipettes, supplies & tab coats placed
back into their designated locations?
Are floors kept "shiny cleanr?
Are lab benches and equipment wiped clean?
Is bench equipment clean and wiped down?
Are wires, power cords, and cables secured or tie
wrapped?
Are all standards and protocols known and visible?
Have rolesresponsibilities been assigned and posted to
maintain the first 3 S's?
Is all necessary information (signage, instructions,
safety. etc.) posted?
Do all lights work? Is equipment repaired in a timely
manner? 'Are chairs or computers broken?
Are audits conducted in a timely manner?
Are new I existing people aware of the standards and
protocols?
Do people follow established protoc ols & standards?
Today's
Score:
Previous
Score:
score (1-5)
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
Total 0
Score Condition Observed
5 Very Good (perfect conditions)
4 Good (1-2 problems)
3 OK(3-4 problems)
2 Bad (5-6 problems)
i1 Very Bad (above 7 problems)
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16 Appendix C: Quality Impact of Buffers
16.1 Impact of Inoculation to TempliPhi Addition Buffer
Figure Cl. Impact of delay (minutes) on read length.
Table Cl. Detailed read length quality information from Figure C1.
Level Number Mean Std Dev Std Err Mean Lower 95% Upper 95%
60 32 863.956 41.4928 7.3350 849.00 878.92
80 336 879.594 25.1296 1.3709 876.90 882.29
100 80 880.399 22.2675 2.4896 875.44 885.35
120 208 872.830 30.6750 2.1269 868.64 877.02
140 303 870.677 27.3159 1.5693 867.59 873.76
160 572 867.970 28.3220 1.1842 865.64 870.30
180 2196 864.216 32.8606 0.7012 862.84 865.59
200 1829 857.264 38.2263 0.8938 855.51 859.02
220 2465 864.388 32.3824 0.6522 863.11 865.67
240 5664 860.642 31.2504 0.4152 859.83 861.46
260 2625 863.025 31.2962 0.6108 861.83 864.22
280 3240 863.743 27.2855 0.4794 862.80 864.68
300 503 864.460 22.9657 1.0240 862.45 866.47
320 206 848.408 42.2887 2.9464 842.60 854.22
340 659 855.458 42.4488 1.6536 852.21 858.71
360 542 856.326 30.5132 1.3107 853.75 858.90
380 690 858.420 34.5422 1.3150 855.84 861.00
400 686 861.163 26.2454 1.0021 859.20 863.13
420 538 865.278 30.6289 1.3205 862.68 867.87
440 208 861.394 29.4304 2.0406 857.37 865.42
, y
a
a..o ., . .
60 W0 100 120 140 160 10 20 220 240 260 h 300 = 340 3W0 4O 420 40
Figure C2. Impact of delay (minutes) on Q20.
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Table C2. Detailed Q20 quality information from Figure C2.
Level
60
80
100
120
140
160
180
200
220
240
260
280
300
320
340
360
380
400
420
440
Number
32
336
80
208
303
572
2196
1829
2465
5664
2625
3240
503
206
659
542
690
686
538
208
Mean
702.940
713.991
714.417
701.219
675.991
681.554
665.134
645.158
652.959
640.246
645.354
655.807
656.067
632.032
639.028
636.829
650.959
645.614
655.885
637.543
Std Dev
45.6161
44.3474
41.7742
51.3709
48.2787
50.8236
59.7840
64.1131
66.2230
60.9077
63.8908
64.1800
47.0840
62.4412
60.8359
52.7449
58.9023
47.2216
48.6874
63.0062
Std Err Mean
8.0639
2.4193
4.6705
3.5619
2.7735
2.1250
1.2758
1.4991
1.3338
0.8093
1.2470
1.1275
2.0994
4.3505
2.3698
2.2656
2.2424
1.8029
2.0991
4.3687
..... ~... .rr, , ... . ...........• • • • + .: .... 
"+,m -...... . ....-... ........... .. ... ............... •+°+++go .. +096.. - - - - -,- --• -o - -
,.0 B , . - . ,.
o0.a - - - - - - - - - --gm
00 - -0 -2 1.-12 2 - -40 440
DO.W
Lower 95%
686.49
709.23
705.12
694.20
670.53
677.38
662.63
642.22
650.34
638.66
642.91
653.60
651.94
623.45
634.37
632.38
646.56
642.07
651.76
628.93
Figure C3. Impact of delay (minutes) on sequencing pass.
Table C3. Detailed sequencing pass quality information from Figure C3.
Number Mean Std Dev
32 0.962906 0.031024
336 0.958726 0.036009
80 0.953675 0.039818
208 0.950611 0.042531
303 0.939162 0.046681
572 0.947472 0.040480
2196 0.929170 0.051877
1829 0.914154 0.054699
2465 0.919001 0.055981
5664 0.911537 0.055504
2625 0.918476 0.057273
3240 0.925559 0.055351
503 0.914541 0.055454
206 0.899150 0.052411
659 0.893008 0.055461
542 0.899070 0.054021
690 0.912510 0.052061
Std Err Mean
0.00548
0.00196
0.00445
0.00295
0.00268
0.00169
0.00111
0.00128
0.00113
0.00074
0.00112
0.00097
0.00247
0.00365
0.00216
0.00232
0.00198
Lower 95%
0.95172
0.95486
0.94481
0.94480
0.93388
0.94415
0.92700
0.91165
0.91679
0.91009
0.91628
0.92365
0.90968
0.89195
0.88877
0.89451
0.90862
Upper 95%
0.97409
0.96259
0.96254
0.95642
0.94444
0.95080
0.93134
0.91666
0.92121
0.91298
0.92067
0.92747
0.91940
0.90635
0.89725
0.90363
0.91640
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Upper 95%
719.39
718.75
723.71
708.24
681.45
685.73
667.64
648.10
655.58
641.83
647.80
658.02
660.19
640.61
643.68
641.28
655.36
649.15
660.01
646.16
Level
60
80
100
120
140
160
180
200
220
240
260
280
300
320
340
360
380
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Level Number Mean Std Dev StdErrMean Lower95% Upper 95%
400 686 0.904644 0.050191 0.00192 0.90088 0.90841
420 538 0.909665 0.047889 0.00206 0.90561 0.91372
440 208 0.901341 0.058690 0.00407 0.89332 0.90936
2
80 30 100 120 14 5r 2 "1 2M 24U-WO 2S 7300 320 340 2415 3,303 OD 420 O40
Figure C4. Impact of delay (minutes) on intensity.
Table C4. Detailed intensity quality information from Figure C4.
Level Number Mean Std Dev Std Err Mean Lower 95% Upper 95%
60 32 1128.22 289.581 51.191 1023.8 1232.6
80 336 815.67 292.801 15.974 784.3 847.1
100 80 886.32 297.817 33.297 820.0 952.6
120 208 786.52 339.089 23.512 740.2 832.9
140 303 678.85 249.583 14.338 650.6 707.1
160 572 752.08 264.918 11.077 730.3 773.8
180 2196 683.28 283.506 6.050 671.4 695.1
200 1829 670.30 289.851 6.777 657.0 683.6
220 2465 631.43 290.139 5.844 620.0 642.9
240 5664 569.29 255.152 3.390 562.6 575.9
260 2625 555.87 273.297 5.334 545.4 566.3
280 3240 543.70 276.886 4.864 534.2 553.2
300 503 677.41 355.026 15.830 646.3 708.5
320 206 574.38 228.544 15.923 543.0 605.8
340 659 649.50 280.431 10.924 628.0 670.9
360 542 674.70 270.059 11.600 651.9 697.5
380 690 732.02 331.533 12.621 707.2 756.8
400 686 710.72 323.051 12.334 686.5 734.9
420 538 718.77 331.432 14.289 690.7 746.8
440 208 727.34 297.761 20.646 686.6 768.0
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16.2 Impact of Ethanol Precipitation to Elution Addition Buffer
0 10 20 30 40 50 60 70 80 90 100 110 t20 130 140 150
Figure C5. Impact of delay (hours) on read length.
Table C5. Detailed read length quality information from Figure C5.
Level
0
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
Number
260
2564
1755
5276
1193
11351
9076
6659
1884
1393
1161
352
144
138
164
7
Mean
877.424
872.607
870.569
871.824
870.544
867.305
871.821
869.173
868.369
862.933
863.220
862.743
851.466
865.170
870.646
801.470
Std Dev
19.8117
28.3572
27.9475
27.0013
34.6639
31.3319
26.1651
25.6295
30.1379
26.4743
30.9144
23.1673
36.0425
24.9592
17.9664
25.0554
Std Err Mean
1.2287
0.5600
0.6671
0.3717
1.0036
0.2941
0.2746
0.3141
0.6943
0.7093
0.9073
1.2348
3.0035
2.1247
1.4029
9.4700
Lower 95%
875.00
871.51
869.26
871.10
868.58
866.73
871.28
868.56
867.01
861.54
861.44
860.31
845.53
860.97
867.88
778.30
Upper 95%
879.84
873.71
871.88
872.55
872.51
867.88
872.36
869.79
869.73
864.32
865.00
865.17
857.40
869.37
873.42
824.64
40 &-
0 10 20 30 40 50 60 70 80 90 100 110 120 1301140 150
Delay
Figure C6. Impact of delay (hours) on Q20.
Table C6. Detailed Q20 quality information from Figure C6.
Level Number Mean Std Dev Std Err Mean Lower 95% Upper 95%
0 260 689.033 51.1950 3.175 682.78 695.29
10 2564 706.567 45.2702 0.894 704.81 708.32
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Level
20
30
40
50
60
70
80
90
100
110
120
130
140
150
Number
1755
5276
1193
11351
9076
6659
1884
1393
1161
352
144
138
164
7
Mean
701.268
687.055
697.413
679.905
696.297
670.149
679.384
659.366
642.412
660.598
641.104
660.973
646.793
553.412
Std Dev
53.0667
51.1530
53.2595
56.1781
49.5224
62.3305
55.9892
53.1963
73.2377
42.5252
63.5325
45.6779
43.6105
38.0448
Std Err Mean
1.267
0.704
1.542
0.527
0.520
0.764
1.290
1.425
2.149
2.267
5.294
3.888
3.405
14.380
Lower 95%
698.78
685.67
694.39
678.87
695.28
668.65
676.85
656.57
638.19
656.14
630.64
653.28
640.07
518.23
Upper 95%
703.75
688.44
700.44
680.94
697.32
671.65
681.91
662.16
646.63
665.06
651.57
668.66
653.52
588.60
0.98 -
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Figure C7. Impact of delay (hours) on sequencing pass.
Table C7. Detailed sequencing pass quality information from Figure C7.
Level
0
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
Number Mean
260 0.929415
2564 0.949490
1755 0.944239
5276 0.938993
1193 0.954231
11351 0.938303
9076 0.950791
6659 0.933273
1884 0.943093
1393 0.927815
1161 0.933254
352 0.926642
144 0.908021
138 0.955710
164 0.964518
7 0.901857
Std Dev
0.046198
0.040543
0.046451
0.045993
0.036275
0.050202
0.040842
0.051142
0.042786
0.049590
0.055241
0.049175
0.056930
0.038573
0.025373
0.047866
Std Err Mean
0.00287
0.00080
0.00111
0.00063
0.00105
0.00047
0.00043
0.00063
0.00099
0.00133
0.00162
0.00262
0.00474
0.00328
0.00198
0.01809
Lower 95%
0.92377
0.94792
0.94206
0.93775
0.95217
0.93738
0.94995
0.93204
0.94116
0.92521
0.93007
0.92149
0.89864
0.94922
0.96061
0.85759
Upper 95%
0.93506
0.95106
0.94641
0.94023
0.95629
0.93923
0.95163
0.93450
0.94503
0.93042
0.93643
0.93180
0.91740
0.96220
0.96843
0.94613
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Figure C8. Impact of delay (hours) on intensity.
Table C8. Detailed intensity quality information from Figure C8.
Level
0
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
Number
260
2564
1755
5276
1193
11351
9076
6659
1884
1393
1161
352
144
138
164
7
Mean
632.595
745.177
696.014
711.243
724.148
747.926
779.474
677.549
694.195
604.513
604.075
709.097
746.118
631.558
662.675
610.452
Std Dev
328.244
341.080
216.541
293.388
262.060
305.148
318.043
313.977
264.320
302.300
362.962
295.064
334.653
212.829
241.590
222.844
Std Err Mean
20.357
6.736
5.169
4.039
7.587
2.864
3.338
3.848
6.090
8.100
10.652
15.727
27.888
18.117
18.865
84.227
Lower 95%
592.51
731.97
685.88
703.32
709.26
742.31
772.93
670.01
682.25
588.62
583.17
678.17
690.99
595.73
625.42
404.36
Upper 95%
672.68
758.39
706.15
719.16
739.03
753.54
786.02
685.09
706.14
620.40
624.97
740.03
801.24
667.38
699.93
816.55
16.3 Impact of Elution to Detection Buffer
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Figure C9. Impact of delay (hours) on read length.
Table C9. Detailed read
Level Number
5 55
10 900
15 2477
Mean
871.627
872.937
872.297
length quality information from Figure C9.
Std Dev Std Err Mean Lower 95% Upper 95%
23.3592 3.1497 865.31 877.94
24.2684 0.8089 871.35 874.52
25.8323 0.5190 871.28 873.31
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Level Number Mean Std Dev StdErr Mean Lower95% Upper95%
20 4696 871.154 28.0318 0.4091 870.35 871.96
25 9571 869.398 27.6941 0.2831 868.84 869.95
30 9315 867.729 29.7822 0.3086 867.12 868.33
35 7978 868.275 28.8491 0.3230 867.64 868.91
40 6343 865.730 32.5716 0.4090 864.93 866.53
45 3937 865.249 30.0459 0.4789 864.31 866.19
50 484 869.952 29.3309 1.3332 867.33 872.57
55 113 871.278 25.5951 2.4078 866.51 876.05
60 41 871.130 21.6594 3.3826 864.29 877.97
65 126 884.984 18.1033 1.6128 881.79 888.18
70 70 877.667 14.6396 1.7498 874.18 881.16
70 .
=50 0= *
. .
300
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Figure C 10. Impact of delay (hours) on Q20.
Table C10. Detailed Q20 quality information from Figure C10.
Level Number Mean Std Dev Std Err Mean Lower 95% Upper 95%
5 55 668.672 45.618 6.151 656.34 681.00
10 900 681.028 50.256 1.675 677.74 684.32
15 2477 689.576 52.029 1.045 687.53 691.63
20 4696 688.096 55.727 0.813 686.50 689.69
25 9571 681.111 59.221 0.605 679.92 682.30
30 9315 680.484 56.416 0.585 679.34 681.63
35 7978 679.746 57.263 0.641 678.49 681.00
40 6343 676.849 60.505 0.760 675.36 678.34
45 3937 673.295 58.008 0.924 671.48 675.11
50 484 674.664 53.840 2.447 669.86 679.47
55 113 657.210 62.791 5.907 645.51 668.91
60 41 608.610 105.609 16.493 575.28 641.94
65 126 701.970 42.089 3.750 694.55 709.39
70 70 688.660 40.008 4.782 679.12 698.20
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Figure C11. Impact of delay (hours) on sequencing pass.
Table C11. Detailed sequencing pass quality information from Figure C11.
Level Number Mean Std Dev Std Err Mean Lower 95% Upper 95%
5 55 0.915582 0.056452 0.00761 0.90032 0.93084
10 900 0.931944 0.050432 0.00168 0.92865 0.93524
15 2477 0.939383 0.048323 0.00097 0.93748 0.94129
20 4696 0.942377 0.048037 0.00070 0.94100 0.94375
25 9571 0.938286 0.048745 0.00050 0.93731 0.93926
30 9315 0.940174 0.047511 0.00049 0.93921 0.94114
35 7978 0.938272 0.049414 0.00055 0.93719 0.93936
40 6343 0.937893 0.049045 0.00062 0.93669 0.93910
45 3937 0.933434 0.050592 0.00081 0.93185 0.93501
50 484 0.936556 0.047285 0.00215 0.93233 0.94078
55 113 0.930894 0.048522 0.00456 0.92185 0.93994
60 41 0.925829 0.045818 0.00716 0.91137 0.94029
65 126 0.951286 0.033109 0.00295 0.94545 0.95712
70 70 0.938400 0.049289 0.00589 0.92665 0.95015
Figure C12. Impact of delay (hours) on Intensity.
Table C12. Detailed intensity quality information from Figure C12.
Level Number Mean Std Dev Std Err Mean Lower 95% Upper 95%
5 55 1048.68 427.113 57.592 933.22 1164.1
10 900 925.02 410.508 13.684 898.17 951.9
15 2477 774.41 338.796 6.807 761.06 787.8
20 4696 769.15 341.849 4.989 759.37 778.9
25 9571 739.60 322.783 3.299 733.13 746.1
30 9315 715.05 299.322 3.101 708.97 721.1
35 7978 685.73 279.465 3.129 679.60 691.9
40 6343 689.16 281.009 3.528 682.24 696.1
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Level Number Mean Std Dev Std Err Mean Lower 95% Upper 95%
3937
484
113
41
126
70
658.40
618.72
584.41
400.89
906.97
901.76
265.751
230.768
279.863
180.183
336.593
296.278
4.235
10.489
26.327
28.140
29.986
35.412
650.09
598.11
532.25
344.02
847.63
831.11
666.7
639.3
636.6
457.8
966.3
972.4
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17 Appendix D: Simul8 Model Details
Clock: 0:00-24:00
Simulation Time: 80,000 minutes
Warm-up Time: 20,000 minutes
Table D1. CONWIP model units.
Item Purpose Process Shift Time Number
of
Stations
Reg. Work Start work into process; infinite entry Main 7 Day Fixed (0) 1
Entry upon demand 24 hour
Picking Represent picking area; note that with Main 5 Day Normal 12
"low" yield of 2 glycerols per agar, 12 0600-1700 (24,1)
machines are needed to fulfill demand.
Warm Room Represent warm room grow time Main 5 Day Fixed (890) 1000
1700-0800
TPhi Thaw Represent plate thaw Main 5 Day Fixed (60) 1000
0600-1700
TPhi Buffer Represent buffer addition and plate Main 5 Day Fixed (1) 2
transfer 0600-1700
SMOVEN Represent oven Main 5 Day Fixed (8) 100
0600-1700
TPhi Represent TPhi addition Main 5 Day Fixed (1) 2
0600-1700
Incubator Represent Incubator Main 7 Day Fixed (950) 560
24 hour
Sequencing Represent plate thaw Main 5 Day Normal (10, 1000
Thaw 0600-1700 5)
Sequencing Represent Big Dye addition and plate Main 5 Day Fixed (2.93) 3
transfer 0600-1700
Centrifuge Represent centrifuge step; batch size of Main 5 Day Normal 1
60 plates 0600-1700 (5,1)
Thermocyclers Represent thermocyclers Main 5 Day Uniform 300
0600-2000 (180,200)
Ethanol Precip Represent ethanol addition and multiple Main 5 Day Uniform 4
centrifuge steps; batch size of 36 plates 0600-1700 (62,70)
Resuspension Represent all elution steps Main 7 Day Fixed (2) 3
24 hour
Detection Represent detection equipment Main 7 Day Fixed (222) 112
24 hour
Regular Exit work from process Simul8 7 Day Fixed (0) 1
Priority Work 24 hour
Exit
Batching One plate enters from picking area, two Simul8 7 Day Fixed (0) 1
Dummy 1 plates leave; in real life, roughly 3.5 24 hour
glycerol plates leave for each agar
Batching One plate enters from Sequencing area, Simul8 7 Day Fixed (0) 1
Dummy 2 two plates leave; in real life, one red 24 hour
plate enters, two blue plates leave
Batching Creates a kanban card for each plate Kanban 7 Day Fixed (0) 1
Dummy 3 entering, i.e., a plate enters, and is split 24 hour
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into two plates. One plate enters the
kanban loop, one continues to Regular
Priority Work Exit
Correction 1 Corrects for the fact that four blue plates Kanban 7 Day Fixed (0) 1
leave for each agar entering; collects four 24 hour
plates and exits one
Kanban 1 Collects a kanban card and a work item Kanban 7 Day Fixed (0) 1
from Kanban 2 to start work in Picking 24 hour
Kanban 2 Accept work into process from start point Kanban 7 Day Fixed (0) 1
until it is needed by first kanban loop; 24 hour
Simul8 workaround
Table D2. Kanban model units (only units not included in or changed from CONWIP model shown).
Item Purpose Process Shift Time Number
of
Stations
Batching Creates a kanban card for each plate Kanban 7 Day Fixed (0) 1
Dummy 3 entering, i.e., a plate enters, and is split 24 hour
into two plates. One plate enters the
kanban loop, one continues to Kanban 2
workstation
Batching Creates a kanban card for each plate Kanban 7 Day Fixed (0) 1
Dummy 4 entering, i.e., a plate enters, and is split 24 hour
into two plates. One plate enters the
kanban loop, one continues to Kanban 3
workstation
Batching Creates a kanban card for each plate Kanban 7 Day Fixed (0) 1
Dummy 5 entering, i.e., a plate enters, and is split 24 hour
into two plates. One plate enters the
kanban loop, one continues to Regular
Priority Work Exit
Correction 1 Corrects for the fact that two glycerols Kanban 7 Day Fixed (0) 1
leave for each agar entering; collects two 24 hour
plates and exits one
Correction 2 Corrects for the fact that two glycerols Kanban 7 Day Fixed (0) 1
leave for each agar entering; collects two 24 hour
plates and exits one
Entry Accept work into process from start point Simul8 7 Day Fixed (0) 1
until it is needed by first kanban loop; 24 hour
Simul8 workaround
Kanban 1 Collects a kanban card and a work item to Kanban 7 Day Fixed (0) 1
start work in Picking 24 hour
Kanban 2 Collects a kanban card and a work item to Kanban 7 Day Fixed (0) 1
start work in TPhi 24 hour
Kanban 3 Collects a kanban card and a work item to Kanban 7 Day Fixed (0) 1
start work in Sequencing 24 hour
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18 Appendix E: Process Quality Improvement
Note: Data from 6/20-6/21, Library G776P4, Hynes TempliPhi only, below 0.708 seq. pass cut.
0.8-
-
After Before
Figure El. Sequencing Pass before and after work flow change in TempliPhi area.
Table El. Detailed information from Figure El.
Level Number Mean Std Dev Std Err Mean
After 2561 0.925280 0.055506 0.00110
Before 7213 0.931110 0.056392 0.00066
Lower 95%
0.92313
0.92981
Upper 95%
0.92743
0.93241
900-
800-
c 700-
4) -
o 500.
4007
After Before
Figure E2. Read Length before and after work flow ch
Table E2. Detailed information from Figure E2.
Level Number Mean Std Dev Std Err Mean
After 2561 851.835 32.6941 0.64605
Before 7213 834.373 67.2384 0.79170
lange in TempliPhi area.
Lower 95%
850.57
832.82
Upper 95%
853.10
835.92
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Figure E3. Q20 before and after
work flow change in TempliPhi area.
Table E3. Detailed information from Figure E3.
Level Number Mean Std Dev Std Err Mean
After 2561 646.629 60.8844 1.2031
Before 7213 632.714 91.0686 1.0723
After Before
Figure E4. Intensity before and after work flow change in TempliPhi area.
Table E4. Detailed information from Figure E4.
Level Number Mean Std Dev Std Err Mean
After 2561 617.670 291.024 5.7507
Before 7213 604.400 322.438 3.7965
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Lower 95%
644.27
630.61
Upper 95%
648.99
634.82
Lower 95%
606.39
596.96
Upper 95%
628.95
611.84
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